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Entwicklung, konstruktive Umsetzung und Anwendung kalorimetrischer 
Messmethoden zur Überwachung und Untersuchung biologischer Prozesse 
in Rührkesselreaktoren 
 
Die Entwicklung neuer Messtechniken zur online Überwachung von Prozessen ist stets von 
großem Interesse für industrielle und wissenschaftliche Anwendungen. Unabhängig von der 
Art des Stoffumsatzes, d. h. von einfachen chemischen Reaktionen 0. Ordnung, bis hin zu 
komplexen metabolischen Netzwerken in Lebewesen, stellt die Messung von frei werdender 
Reaktionswärme (Kalorimetrie) eine universelle Möglichkeit dar, Prozesse zu überwachen 
und zu untersuchen.  Aus diesem Grund wurden für die Prozesskontrolle von Bioreaktoren 
zwei neue kalorimetrische Messverfahren entwickelt, validiert und angewendet – die Chip-
kalorimetrie und die Reaktorkalorimetrie. 
Die Validierung der kalorimetrischen Messverfahren erfolgte mittels Abgasanalyse der 
untersuchten Prozesse und dem oxikalorischen Äquivalent. Das oxikalorische Äquivalent 
basiert auf der Thornton-Regel, welche besagt, dass die Verbrennungsenthalpie linear mit 
dem Reduktionsgrad korreliert (-115 kJ je mol ausgetauschter Elektronen). Wendet man dies 
beispielsweise auf die Oxidation von Glukose (bezogen auf C, Reduktionsgrad von 4) an, 
erhält man das oxikalorische Äquivalent von -460 kJ pro Mol verbrauchten Sauerstoffs. 
Würde man die vollständige Oxidation von Glukose kalorimetrisch bestimmen, erhielte man 
die gleiche gemessene Wärmemenge, wie bei der Messung des verbrauchten Sauerstoffs und 
dessen Umrechnung mittels oxikalorischen Äquivalent in eine Wärmemenge. 
Da der Metabolismus von Lebewesen deutlich komplexer ist, als die reine Oxidation von 
Glukose, wurde zur Validierung der kalorimetrischen Messmethoden ein genetisch 
modifizierter Escherichia coli Stamm (VH33) ausgewählt. Dieser kommt aufgrund seiner 
genetisch eingeschränkten Stoffwechselwege der Abstraktion einer reinen oxidativen 
Verbrennung von Glukose relativ nahe. Die Fermentationen dieses Stammes ermöglichten es, 
die kalorimetrischen Messungen der Prozesse mittels Abgasanalyse (und oxikalorischen 
Äquivalent) zu validieren. 
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Das Chip-Kalorimeter, welches von der TU Bergakademie Freiberg entwickelt wurde, stellt 
eine Möglichkeit dar, kalorimetrische Messungen an jedem Reaktorsystem durchzuführen, 
welches über ein Septum verfügt. Zunächst wurden anhand von Fermentationen mit E. coli 
VH33 die Messungen des Chip-Kalorimeters mittels Abgasanalyse validiert. Es stellte sich 
dabei heraus, dass das Gerät bei Wärmeleistungen bis 1 W L-1 sehr genaue Messergebnisse 
lieferte (0.001 W L-1). Aufgrund kleiner Kapillardurchmesser, sowie der mangelnden 
Sauerstoffversorgung der Organismen in der Messkammer des Chip-Kalorimeters, war die 
kalorimetrische Messung höherer Biomassekonzentrationen zunächst nicht möglich. Das 
Gerät wurde daraufhin schrittweise konstruktiv modifiziert, so dass eine automatische 
Verdünnung der zu vermessenden biologischen Probe mit sauerstoffreicher NaCl-Lösung 
möglich wurde. Es konnte gezeigt werden, dass durch diese Modifikationen die obere 
Messgrenze des Chip-Kalorimeters auf mindestens 4 W L-1 erweitert werden konnte. 
Eine weitere Möglichkeit zur Detektion von freigesetzter Wärme bei biologischen Prozessen 
in Fermentern stellt die Bilanzierung des Kühl- und Heizkreislaufs des Reaktorsystems dar. 
Um dieses vollständig thermodynamisch bilanzieren zu können, müssen möglichst alle 
Wärmequellen und –senken des Systems bekannt sein. Um die im gesamten zu- oder 
abgeführte Wärme zu ermitteln, gibt es grundsätzlich zwei Möglichkeiten: 1) die Messung des 
Kühlmittelmassestroms zwischen Kühlmanteleingang und –ausgang, sowie die Ermittlung der 
Temperaturdifferenz zwischen Eingang und Ausgang des Kreislaufs; 2) die Bestimmung des 
Wärmedurchgangskoeffizienten von der Fermenterbrühe bis zur Kühlflüssigkeit, sowie die 
Ermittlung der Temperaturdifferenz zwischen der Reaktorinnentemperatur und der 
Temperatur des Kühlmantels. Beide Methoden wurden an einem 50 L Druckreaktor 
konstruktiv umgesetzt, mittels Fermentation von E. coli VH33 validiert und miteinander 
hinsichtlich ihrer Messqualität verglichen. Dabei stellte sich Variante 2, welche auf der 
Bestimmung des Wärmedurchgangskoeffizienten basiert, als die genauere heraus (für dieses 
Reaktorsystem). 
Als finaler Schritt wurde in diesem modifizierten Reaktor das Lysin bildende Bakterium 
Corynebacterium glutamicum DM1730 und der Itakonsäure produzierende Pilz Ustilago 
maydis kultiviert, um das Potential des kalorimetrischen Messsignals zur online Detektion 
von Produktbildung zu ermitteln. Hierbei konnte gezeigt werden, dass aus dem Verhältnis von 
Sauerstoffverbrauch zu freigesetzter Wärmeleistung, die Itakonsäure- und Lysin-Bildung 
nicht-invasiv und online, qualitativ nachgewiesen werden kann. Diese Beispiele zeigen 
deutlich, welches Informationspotential noch im Wärmesignal steckt.     
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Developing and improving online monitoring techniques for processes is always a matter of 
interest for industrial and research applications.  Independent of kind and complexity of the 
reaction, measuring the heat generation (calorimetry) is a universal tool for process 
monitoring. Therefore, two new calorimetric measurement techniques (chip calorimeter and 
reactor calorimeter) for process monitoring in stirred tank reactors were developed, validated 
and applied to several biological systems. 
The validation was done by exhaust gas analysis and the application of the oxycaloric 
equivalent. By assuming the rule of Thornton, the enthalpy of combustion of organic 
compounds is linearly correlated to the relative degree of reduction (Thornton's rule: -115 kJ 
per mole accepted electrons). Since four moles of electrons are absorbed by one mole oxygen, 
a constant value for the oxygen related enthalpy of about -460 kJ mol-1 results. This is denoted 
as the oxycaloric equivalent. Consequently, if the enthalpy of the anabolic processes is 
neglected, the metabolic heat generation can be calculated based on the oxygen transfer rate. 
As a model organism for validating the calorimetric measurements, the genetic modified 
Escherichia coli strain VH33 was chosen. The genetic sequence of the phosphotransferase 
system (PTS) in the bacterial chromosome of this strain was deleted. The galactose permease 
(GalP), as an alternative uptake mechanism, was amplified on a genetic level to allow the 
passage of glucose across the plasma membrane. Therefore, this strain had a strictly reduced 
overflow metabolism and was the optimal organism for validating the calorimetric 
measurements of fermentations by exhaust gas analysis and the oxycaloric equivalent.  
One possibility for calorimetric monitoring of fermentations in stirred tank reactors is the chip 
calorimeter, developed by the TU Bergakademie Freiberg, which can be connected to every 
reactor system as long as a septum is available. The measurements of the device were 
validated by exhaust gas analysis (oxycaloric equivalent) of E. coli VH33 cultures. The 
measured results of the chip calorimeter were very precise (0.001 W L-1). However, the upper 
limit of the device was a heat generation of 1 W L-1 due to oxygen depletions in the 
measurement chamber at higher biomass concentrations. Therefore, the chip calorimeter was 
enhanced by an automatic sample dilution system, which mixed the sample with oxygen 
containing NaCl solution before measuring in the chamber. With this modification, the upper 
limit of the measurable heat generation was increased up to 4 W L-1.     
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An alternative for measuring the heat generation of fermentations is to modify or design a 
whole stirred tank reactor as a calorimeter – the so called reactor calorimeter. This 
measurement principle based on the thermodynamic balancing of the cooling / heating water 
cycle of the reactor system. Consequently, all heat sources and sinks of the system should be 
known. In general, there are two ways for designing reactor calorimeters: 1) measuring the 
mass flow of the cooling liquid and the temperature difference between cooling cycle inlet 
and outlet; 2) determination of the heat transfer coefficient and the temperature difference 
between reactor inside and cooling cycle. Both methods were realized by modifying a 50 L 
stirred tank reactor and were validated and compared with each other by cultivating E. coli 
VH33. Ultimately, it could be shown that the second way, based on the determination of the 
heat transfer coefficient has a higher signal quality and should be chosen for all following 
applications. 
Finally, the modified reactor was used to investigate the potential of the calorimetric signal 
for online detection of product formation during fermentations. It could be demonstrated by 
determining the ratio between heat generation and oxygen consumption, that lysine formation 
of Corynebacterium glutamicum DM1730 and itaconic acid formation of Ustilago maydis can 
be online detected during fermentations in stirred tank reactors.  
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Abbreviations 
CDW cell dry weight g 
CTR carbon dioxide transfer rate mol L-1 h-1 
DOT dissolved oxygen tension % 
IA itaconic acid mol 
Lys lysine mol 
OTR oxygen transfer rate mol L-1 h-1 
OD optical density  - 
RQ respiratory quotient - 
X biomass  mol 
 
Symbols 
A area m2 
cp heat capacity J kg-1 K-1 
c parameter depends on Prandtl number - 
𝑑𝑏 inner diameter of the reactor m 
𝑑𝑅 diameter of the stirrer m 
𝑑𝑠 gap width of jacket m 
𝑑𝑔 diameter of the inlet / outlet stubs m 
𝑑𝑡𝑜𝑡𝑎𝑙 outer diameter of the reactor m 
𝑒 expansion coefficient K-1 
g gravitational acceleration m s-2 
h height of jacket m 
K Monod constant g mol-1 
M molar weight g mol-1 
?̇? mass flow of cooling water kg s-1 
?̇?𝑒𝑣𝑎,𝐻2𝑂 mass flow of evaporated water kg s-1 
Nu Nusselt number - 
Pr Prandtl number - 
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𝑞𝑗 total heat / cooling power of the jacket kW m-3 
𝑞𝑏𝑖𝑜 biological heat power kW m-3 
𝑞𝑐𝑎𝑙 heat power of calibration heater kW m-3 
𝑞𝑒𝑣𝑎 water evaporation kW m-3 
𝑞𝑙𝑜𝑠𝑠 heat loss to the environment kW m-3 
𝑞𝑠𝑡𝑟 mechanical power input by stirrer kW m-3 
𝑞𝑁𝐻3 heat generated by addition of ammonia kW m
-3 
Re Reynolds number - 
ri inner radius of calibration heater hull m 
ro outer radius of calibration heater hull m 
𝑇𝑟 reactor temperature °C 
𝑇𝑖𝑛 / 𝑇𝑜𝑢𝑡 temperature of cooling water at the inlet / outlet °C 
𝑇𝑗,𝑜𝑛 / 𝑇𝑗,𝑜𝑓𝑓 jacket temperature during calibration heater is switched on / off °C 
𝑇𝑗 temperature of the cooling water in jacket °C 
𝑇𝑒 temperature of the environment °C 
𝑇𝐻𝑢𝑙𝑙 average temperature in the wall of calibration heater hull °C  
𝑇𝐻𝑒𝑎𝑡𝑒𝑟 inner temperature of the calibration heater °C  
u speed m s-1 
∆𝑢 voltage signal of the chip calorimeter µV 
𝑈𝐴 heat transfer coefficient including heat transfer area W K-1 
𝑉𝐿 reactor filling volume L 
𝑉𝑛𝑜𝑟𝑚 molar volume of an ideal gas mol L
-1 
𝑦𝑖 molar fraction of substance i - 
∆𝑣𝐻𝐻2𝑂 evaporation enthalpy of water kJ 
∆𝐻𝑜𝑥 oxycaloric equivalent kJ mol
-1-O2 
 
Greek symbols 
𝛼 heat transfer coefficient between two phases W K-1 m-2 
𝛿 thickness of the wall m 
𝜂 viscosity Pa s 
𝜆 heat conductivity W K-1 m-1 
𝜇 growth rate h-1 
Nomenclature  V 
 
 
𝜌 density kg m-3 
𝛾 degree of reduction - 
𝜈𝑖 
 
molar amount of substance i mol 
Subscripts 
𝑅 marks parameters concerning the inside of the reactor  
𝐽 marks parameters concerning the jacket of the reactor  
List of Figures  VI 
 
 
Figures 
 
Figure 1-1 Main fields of “bio“-thermodynamic focusing on characterization of molecules, 
investigation of metabolic pathways and monitoring of bioprocesses in total. ... 1 
 
Figure 1-2 Fields of application for the two calorimeter types in dependency of the 
expected heat generation. ..................................................................................... 4 
 
Figure 2-1 Chip calorimeter for bioreactor monitoring. A: Calorimetric unit with flow 
channel mounted atop the thermopile chip, and two nested thermostats. B: 
Calorimeter (without housing) with integrated calorimetric unit, fluidic 
components, and signal conditioning electronics. ................................................ 8 
 
Figure 2-2 Fluidic system consisting of the Piston Pumps 1 and 2, the valves V1 … V6, a 
gas Bubble Trap, and a Sample Loop of 2 mL. The components of the External 
Fluidics are installed apart from the integrated fluids. The following fluidic 
operations are used: a - sample absorption from bioreactor, (a) - with dilution; b 
– sample to waste; c – sample to calorimeter; d – flushing of Piston Pump 1 and 
Sample Loop by Piston Pump 2; e – flushing of the calorimeter by Piston Pump 
2; f – refill of Piston Pump 2. ............................................................................... 9 
 
Figure 2-3 Analysis of signals from stopped-flow measurements with E. coli VH33. A: Set 
of signals (a … d) indicating increasing metabolic activity. The voltage shift ∆u 
provides the metabolic heat rate. Till tc, the cut-off time, aerobic conditions 
exist. B: Linear dependency of the inverse voltage shift on the cut-off time. C: 
Comparison of measured and Monod-modeled fractions of signals b and c. .... 11 
 
Figure 2-4 Analysis of signals from continuous injection mode. The signal is exponentially 
fitted in the selected range and extrapolated to the time when injection is started. 
The signal shift ∆u is calculated with respect to the (extrapolated) steady-state 
signal during continuous injection ..................................................................... 14 
List of Figures  VII 
 
 
Figure 2-5 Batch culture of E. coli VH33 in Wilms-MOPS medium with initial glycerol 
concentration of 10 g L-1. Comparison of the heat generation measured by the 
chip calorimeter in stopped-flow and continuous injection modes to the result of 
the exhaust gas analysis recalculated with the oxycaloric equivalent. 
Fermentation conditions:  Tr = 37°C, VL = 2 L, n = 100 – 2000 rpm, gas flow 
rate = 0.1 – 2 vvm, pH = 7, DOT exceed 90% air saturation during the whole 
fermentation time. .............................................................................................. 16 
 
Figure 2-6 Batch culture of E. coli VH33 in Wilms-MOPS medium with initial glucose 
concentration of 10 g L-1. (A) Curves of the oxygen transfer rate (OTR), OD600, 
glucose, ethanol and acetate. (B) Comparison of the heat rate measured by the 
chip-calorimeter in stopped-flow mode at tenfold dilution to the result of the 
exhaust gas analysis recalculated with the oxycaloric equivalent. Fermentation 
conditions:  Tr = 37°C, VL = 2 L, n = 100 – 2000 rpm, gas flow rate = 0.1 – 2 
vvm, pH = 7, DOT exceed 30 % air saturation during the whole fermentation 
time. .................................................................................................................... 17 
 
Figure 2-7 Batch culture of A. adeninivorans in Syn6 medium with initial glucose 
concentration of 10 g L-1. (A) Curves of the oxygen transfer rate (OTR), OD600, 
glucose, ethanol and acetat. (B) Comparison of the heat rate measured by the 
chip-calorimeter in stopped-flow mode at sevenfold dilution to the result of the 
exhaust gas analysis recalculated with the oxycaloric equivalent. Fermentation 
conditions: Tr = 30°C, VL = 2 L, n = 100 – 2000 rpm, gas flow rate = 0.1 – 2 
vvm, pH = 7, DOT exceed 30 % air saturation during the whole fermentation 
time. .................................................................................................................... 18 
 
Figure 3-1 Scheme of pressure fermenter with cooling/heating water cycle including 
temperature probes at the inlet Tin and outlet Tout and a mass flow controller. 
Additional systems and probes connected to the fermenter are the calibration 
heater, temperature probe inside the reactor Tr, pH probe and control, dissolved 
oxygen tension DOT, measurement system for torque and stirrer speed, pressure 
control and an exhaust gas analyzer (O2, CO2) for calculation of the oxygen 
transfer rate (OTR) and the oxycaloric equivalent. ............................................. 22 
List of Figures  VIII 
 
 
 
Figure 3-2 (A) Calibration phases during a fermentation to evaluate the heat transfer 
coefficient UAtransfer using Eq. 24. Two calibration phases are shown as 
examples (after 0 h and  20 h fermentation time) to illustrate the influence of the 
calibration heater (switched on between t = 0.15 h up to 0.65 h) on the jacket 
temperature Tj. When the calibration heater is switched off before starting the 
fermentation (t = 0 h), the jacket temperature Tj is nearly equivalent to the 
reactor temperature Tr. (B) When the calibration heater is switched on, the 
temperature decreases to Tj,on. For t < 0.15 h and t > 0.65 h the heater is 
switched off, resulting in temperature Tj,off. The heat transfer coefficient 
UAtransfer can be calculated for each calibration phase using trend lines for Tj,off 
and Tj,on. .............................................................................................................. 27 
 
Figure 3-3 (A) Scheme of the calibration heater with the position of the relevant parameters 
to calculate the heat conductivity from the heater to the environment (qλ) and the 
heat transfer to the fermentation broth (qR); (B) dimensioning of the hull of the 
calibration heater ................................................................................................ 28 
 
Figure 3-4 Scheme of torque calibration: torque sensor outside of the reactor (due to the 
lacking temperature durability during sterilization) (1), slide ring sealing (2), 
self-constructed torsion module (6) clamped on the stirrer shaft (4). Using this 
module, the shaft can be loaded with defined forces F on deflection rollers (5) 
simultaneously at all four sides. This design leads to defined torsion moment for 
calibrating the system. It avoids lateral bending forces which would result in 
calibration errors. Because the torque signal is transferred from the inside of the 
reactor by a central shaft mounted inside a hollow shaft (3) the torque 
measurement is not influenced by the slide ring sealing (2). The torque 
measurement is based on an inducted current generated by the torque (type IT-
MR, Dr.Staiger, Mohilo+Co GmbH, Lorch, Germany). .................................... 31 
 
Figure 3-5  Batch culture of E. coli VH33 in minimal medium with initial glucose 
concentration 100 g L-1; (A) oxygen transfer rate (OTR) and cell dry weight; (B) 
measured heat transfer coefficient UAmeasured (Eq. 24) in comparison with the 
List of Figures  IX 
 
 
theoretical heat transfer coefficient UAtheoretical (Eq. 11 - Eq. 21); (C) course of 
stirrer speed, volumetric gas flow rate and overpressure; (D) mechanical power 
input, heat loss to the environment and heat loss due to water evaporation. 
Fermentation conditions: Tr = 37°C, VL = 27 L, pH = 7 ± 0.1, NH4OH (25% v/v) 
for pH titration, DOT exceed 30% air saturation during the whole fermentation 
time. .................................................................................................................... 38 
 
Figure 3-6 Results of the temperature measurements of the reactor inside Tr, the cooling 
water inlet Tin and the outlet Tout. Fermentation conditions: 100 g L-1 glucose, Tr 
= 37°C,  VL = 27 L, pH = 7 ± 0.1, NH4OH (25% v/v) for pH titration, DOT 
exceed 30% air saturation during the whole fermentation time. ........................ 40 
 
Figure 3-7 Comparison and validation of the calorimetric measurement applying different 
calorimetric methods: (A) heat capacity method (Eq. 9) using the mass flow 
measurement; (B) heat transfer method (Eq. 10) based on measured heat transfer 
coefficients (see Figure 3-5B). (C) Parity plot of qbio versus qbio,oxy for the heat 
capacity and heat transfer method. Fermentation conditions: 100 g L-1 glucose, 
Tr = 37°C,  VL = 27, pH = 7 ± 0.1, NH4OH (25% v/v) for pH titration, DOT 
exceed 30% air saturation during the whole fermentation time. ........................ 41 
 
Figure 3-8 Scheme of reactor with position of geometric parameter (see also Table VII) .. 43 
 
Figure 3-9 Residence time of the cooling water in the cooling jacket depending on the 
reactor size VR and mass flow ............................................................................. 44 
 
Figure 3-10 Measurement limit of the heat capacity method (conditions of Table VI). (A) To 
ensure an accuracy of 0.1 W L-1 a reactor size of 2500 L (𝑚𝑚𝑎𝑥 =1500 𝑘𝑔 ℎ−1) and 1330 L  (𝑚𝑚𝑖𝑛 = 800 𝑘𝑔 ℎ−1) would be necessary. (B)  To 
ensure an accuracy of  1 W L-1 a reactor size of 250 L (𝑚𝑚𝑎𝑥 = 1500 𝑘𝑔 ℎ−1) 
and 133 L (𝑚𝑚𝑖𝑛 = 800 𝑘𝑔 ℎ−1) would be necessary. ..................................... 45 
 
Figure 3-11 Two ways to realize the heat capacity method: (A) current setup (see also Figure 
3-1); (B) modified setup to increase the accuracy. ............................................. 46 
List of Figures  X 
 
 
 
Figure 4-1 Calculated ratios of qbio,oxy and qbio for cultures of C. glutamicum depending on 
the yields of lysine and biomass formation. ....................................................... 53 
 
Figure 4-2 Calculated ratios of qbio,oxy and qbio for cultures of U. maydis depending on the 
yields of itaconic acid and biomass formation. .................................................. 55 
 
Figure 4-3 Batch culture of U. maydis with initial glucose concentration of 180 g L-1: (A) 
Curves of OTR and gas flow, (B) Courses of water evaporation, mechanical 
power input by the stirrer, heat loss to the environment and the heat transfer 
coefficient UA during the fermentation. (C) Comparison of the biological heat 
generation with the exhaust gas analysis recalculated by the oxycaloric 
equivalent. Offline measured samples of glucose, CDW and itaconic acid 
presented in (D). Fermentation conditions: Tr = 30°C, n = 400 rpm, pH = 6, 
DOT > 30%, VL = 25 L. ...................................................................................... 59 
 
Figure 4-4 (A) Yield coefficients of itaconic acid and biomass formation of U. maydis; (B) 
Comparison of offline and online determined values for (B) heat (Eq. 51), (C) 
CO2 (Eq. 54) and O2 (Eq. 55), (D) ratio between qbio and qbio,oxy (see also Figure 
4-2). Fermentation conditions: Tr = 30°C, n = 400 rpm, pH = 6, DOT > 30%, VL 
= 25 L. ................................................................................................................ 60 
 
Figure 4-5 (A) U. maydis after 5 h fermentations time (before depletion of ammonia)  (B) 
U. maydis with lipid bodies after 140 h fermentations time (after depletion of 
ammonia) ............................................................................................................ 61 
 
Figure 4-6 Comparison between batch cultures with glucose pulse of two C. glutamicum 
strains: ATCC 13032 (A-D) and DM1730 (E-H). Curves of OTR, gas flow rate 
and overpressure shown in (A)/(E). Courses of water evaporation, mechanical 
power input by the stirrer, heat loss to the environment and the heat transfer 
coefficient UA during the fermentation (B)/(F). Comparison of the biological 
heat generation with the exhaust gas analysis recalculated by the oxycaloric 
equivalent (C)/(G). Offline measured samples of glucose, CDW and lysine 
List of Figures  XI 
 
 
presented in (D)/(H). Fermentation conditions: Tr = 30°C, n = 500 rpm, pH = 7, 
DOT > 30%, VL = 20 L ....................................................................................... 63 
 
Figure 4-7 Fed-batch culture of C. glutamicum DM1730. (A) Curves of OTR, gas flow rate 
and overpressure. (B) Courses of water evaporation, mechanical power input by 
the stirrer, heat loss to the environment and the heat transfer coefficient UA 
during the fermentation. (C) Comparison of the biological heat generation with 
the exhaust gas analysis recalculated by the oxycaloric equivalent. Offline 
measured samples of glucose, CDW and lysine presented in (D). Fermentation 
conditions: initial glucose concentration  30 g L-1, Tr = 30°C, n = 500 rpm, pH = 
7, DOT > 30%, parameters of exponential feeding rate: VL = 20 L, X0 = 14 g L-1, 
YX/S = 0.42, µset = 0.15 h-1, Sf = 650 g L-1, mS = 0.03 h-1. ................................... 66 
 
List of Tables  XII 
 
 
Tables 
 
Table I  Parameters for the calculation of the heat transfer from the fermentation broth to 
the reactor wall αR. ................................................................................................. 24 
 
Table II Parameters for the calculation of the heat transfer from the wall to the cooling 
water in the jacket αJ. ............................................................................................. 25 
 
Table III Comparison between the heat flow from to calibration heater to the fermentation 
broth (qR) and the heat flow from the calibration heater to the environment (qλ) .. 29 
 
Table IV Parameters for the calculation of the heat transfer from the jacket wall to the air of 
the environment αe. ................................................................................................ 33 
 
Table V Error estimation for the determination of UAmeasured and the calculation of 
UAtheoretical. .............................................................................................................. 36 
 
Table VI Conditions for the scale up (based on the pressure reactor) .................................. 42 
 
Table VII   Geometric parameters of stirred tank bioreactors for four different volumes (see 
also Figure 3-8) ..................................................................................................... 44 
 
Table VIII Characteristic values of components i (Domalski 1972) ................................... 53 
 
Table IX Mass fractions (g g-1) of C, H, O, N, S, P and ash of C. glutamicum DM1730 and 
ATCC 13032 analyzed by Jülich Research Center, Germany * ............................ 54 
 
Table X Elementary composition and molar weight of C. glutamicum ATCC 13032 and 
DM1730 ................................................................................................................. 54 
 
List of Tables  XIII 
 
 
Table XI Characteristic values of components i (Domalski 1972) ....................................... 56 
 
Table XII Mass fractions (g g-1) of C, H, O, N, S and ash of U. maydis under unlimited 
conditions and under ammonium limitation* ........................................................ 56 
 
Table XIII Elementary composition and molar weight of U. maydis under unlimited 
conditions and under ammonium limitation .......................................................... 56 
 
Table XIV Comparison between online and offline determined amounts of O2, CO2, lysine, 
biomass, the generated heat and the ratio between qbio,oxy and qbio for a batch 
culture of C. glutamicum ATCC 13032 (see Figure 4-6A-D) a,b ........................... 64 
 
Table XV Comparison between online and offline determined amounts of O2, CO2, lysine, 
biomass, the generated heat and the ratio between qbio,oxy and qbio for a batch and 
fed-batch culture of C. glutamicum DM1730 (see Figure 4-6E-H, Figure 4-7)a,b 65 
 
Introduction  1 
 
 
1 Introduction 
 
1.1 Fields of “bio”-thermodynamics 
Thermodynamics as a discipline of physical science, describes processes and phenomena of 
energy and mass conversions (Lucas 2008). Therefore, this basic universal tool is applied to 
investigate and monitor a multitude of chemical and biological processes (Ciureş and 
Mǎrgineanu 1970; Gladyshev et al. 1980; Lamprecht 2003; Toussaint and Schneider 1998; 
von Stockar and van der Wielen 1997a). Looking at the contents of conferences like 
“Biothermodynamics 2008” or “ESBES 2010” in the last years, it is obvious that there is no 
strict definition for researchers where biology in thermodynamics starts or ends. Figure 1-1 
illustrates the main research fields, which could be summarized to “bio”-thermodynamics.         
 
Figure 1-1 Main fields of “bio“-thermodynamic focusing on characterization of molecules, 
investigation of metabolic pathways and monitoring of bioprocesses in total.    
Enzymes, as typical complex biomolecules and catalysts of reactions, are predestinated as one 
example for applying the laws of thermodynamics on the molecular scale of biology. Using 
calorimetry, the energy conversion of whole reactions or binding processes between enzyme 
and substrate can be investigated (Auroux 2012; Batruch et al. 2010; Lonhienne et al. 2001; 
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Malı́k et al. 2004; Wubben and Mesecar 2010). Other applications on the molecular scale are 
studies of binding processes on biological surfaces (Andrushchenko et al. 2007) or detection 
of melting point variations due to changes in structure or physicochemical impact from the 
environment (Park et al. 2006).  
In every organism, a multitude of (enzymatic) reactions are connected to metabolic networks, 
to convert substrates into energy and components, which are necessary for reproduction and 
evolution. The investigation of these networks is one focus of interest in biology (Eleuterio 
1988). By applying thermodynamics, it is possible to predict or validate which pathways are 
energetically feasible. The use of calorimetry allows the measurement of the energy, which is 
necessary or generated by conversions of substrates (Amend and Shock 2001; Volesky et al. 
1982).   
In cases of whole-cell bio-catalysis in fermentations, “bio”-thermodynamics is used for 
monitoring and controlling of processes. For this reason complete reaction and reactor 
systems can be balanced (Biener et al. 2010; Tuerker 2004; Voisard et al. 2002a).     
Although it is not really a field of “bio”-thermodynamics, all these applications are only 
realizable with large databases of well-known characteristic values of substances, like 
energies of combustion, grades of reduction etc. (Domalski 1972; Duboc et al. 1995; Heldal et 
al. 1996; Sandler and Orbey 1991).    
 
1.2  What is the best calorimeter? 
“Which calorimeter is best?” was the title of a short publication of Hansen and Russell  
(2006), who defined the main criteria for choosing the best calorimeter for a given task: 
• property to be measured 
• isothermal or temperature scanning 
• temperature range 
• reactant and product phases, i.e. solid, liquid, or gas and vapor pressure 
• estimated total heat per unit of reaction, i.e. ΔH for the reaction 
• estimated rate of heat production 
• sample availability 
• desired sample size 
Introduction  3 
 
 
• sample properties, e.g. viscosity, hygroscopicity, toxicity, pathogenicity, living cells 
or tissue, etc. 
• expected number of experiments (per day)  
For monitoring (and controlling) processes in stirred tank bioreactors, the calorimeter has to 
ensure the viability of the biological sample during the measurement (i.e. enough C-course 
and oxygen). The device has to handle fermentation broth which: 
• is always liquid 
• can include gas bubbles  
• has a wide viscosity range between 1 mPas and i.e. 300 mPas (Srichuwong et al. 
2009)   
• can be pathogen 
• has a temperature range of 25°C to 40°C and pH values varies from 3 to 8 in 
“classical” fermentations, excluding extremophile microorganisms  
• includes microorganisms, with sizes from 2 µm to i.e. 1350 µm (Amanullah et al. 
2000) 
Assuming reactor volumes larger than 2 liter and sample volumes smaller than 10 mL, the 
sample availability for calorimetric measurements is very high. For the monitoring of 
biological processes, the maximum tolerable length of one measurement cycle depends on the 
dynamic of the process. For controlling it, the signal has to be ideally online and the 
measurement cycles as short as possible.    
 
1.3 Objectives and overview 
The aim of this thesis is to test, modify, validate and apply two different ways for calorimetric 
monitoring of fermentation processes in stirred tank bioreactors – the chip calorimeter and the 
reactor calorimeter (Figure 1-2).  
In Chapter 2 the application and modification of the chip calorimeter is presented, which was 
developed by the group of PD Dr. habil. Johannes Lerchner from the TU Bergakademie 
Freiberg (Lerchner et al. 2008b; Lerchner et al. 2006a; Lerchner et al. 2006b; Maskow et al. 
2011). To ensure an optimal signal quality (accuracy, length of measurement cycle) and more 
independence from physical properties of the biological sample, different operation modes 
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were developed and tested. The device was applied to monitor various fermentation 
processes, whose results illustrate the advantages and the limits of the chip calorimeter.  
The following Chapter 3 is focused on the presentation of two different ways for designing 
reactor calorimeters. It is shown how to modify a reactor system to realize the so called “heat 
capacity” method and the “heat transfer” method. By calorimetric monitoring of a E. coli 
batch culture, both methods could be applied at the same time. Furthermore, the results of the 
“heat capacity” and the “heat transfer” method were compared with each other and validated 
by exhaust gas analysis.    
 
Figure 1-2 Fields of application for the two calorimeter types in dependency of the expected heat 
generation.  
Chapter 4 deals with the application of the reactor calorimeter for product forming 
fermentation processes. By comparing the oxygen consumption of the process with the 
generated heat, the product formation can be detected online. To demonstrate this 
phenomenon, the results of different lysine producing cultures of C. glutamicum and itaconic 
acid forming cultures of U. maydis are presented.   
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2 Measurement of Metabolic Activities in 
Stirred Tank Reactors by a Chip Calorimeter 
2.1 Introduction 
Growth, multiplication, maintenance and product formation of any living production system is 
inevitable connected to the continuous dissipation of Gibbs energy. In case of aerobic 
metabolism the process is enthalpy driven (von Stockar and Liu 1999). Therefore, the heat 
production rate can be used to quantitatively asses the overall metabolic activity (Kemp and 
Lamprecht 2000). Furthermore, applying Hess’s law, the comparison of heat production rates 
and metabolic mass flows allows the proof of presumed models and the recognition of 
unknown metabolic pathways (Kemp 1994). Assuming aerobic conditions, the heat 
production rate mainly reflects the catabolic part of the metabolism. Since the enthalpy of 
combustion of organic compounds is linearly correlated to the relative degree of reduction 
(Thornton's rule: -115 kJ per mole accepted electrons (Thornton 1917)), a fully balanced 
exchange of electrons between carbon atoms does not provide a significant contribution to the 
overall enthalpy as it is the case for anabolic processes. Consequently, as the enthalpy of the 
anabolic processes is generally negligible, the metabolic heat production can be calculated 
based on the oxygen transfer rate (OTR). Since four moles electrons are absorbed by one mole 
oxygen, a nearly constant value for the oxygen related enthalpy ∆Hox of about -460 kJ mol-1 
results. This is denoted as the oxycaloric equivalent (Gnaiger and Kemp 1990).  
Differences between the heat flow directly measured and calculated from the OTR can be 
caused by pronounced deviations from Thornton’s rule for substrate, biomass, or metabolic 
products (e.g. growth of yeast cells with ∆Hox = - 378 kJ mol-1 due to remarkably strong 
endothermal anabolism (Dejean et al. 2001)). The decoupling of anabolic processes from 
aerobic catabolism, for example caused by anoxia, can be an additional reason for a 
significantly higher heat production compared to the calculated one from the OTR (Kemp 
2000). Therefore, the simultaneous measurement of heat production and oxygen consumption 
can be a valid method for controlling biotechnological processes, in particular, if strong 
deviations from Thornton’s rule allow the detection of product formation. 
Up to now, two strategies have been applied for the online measurement of the metabolic heat 
production in bioreactors. Bioreactors can be intrinsically operated as (bioreactor-) 
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calorimeters if all heat sources and sinks (i. g. heat loss to the environment, mixing enthalpies, 
neutralization, evaporation, and power input by the stirrer) are carefully balanced and thus the 
metabolic heat can be measured in situ. This strategy is generally applied to pilot- and large-
scale bioreactors (Tuerker 2004; von Stockar and Marison 1991). However, also bioreactor-
calorimeters in the small-scale have been developed (Hüttl et al. 2008). Although 
commercially available bioreactor-calorimeters exist (RC-1 Bio, Mettler Instruments AG, 
CH), in general, custom-made bioreactors are applied that are expensive to modify and 
require many information for heat balance analysis. Alternatively, fermentation broth can be 
transfered through a sample loop from the bioreactor to a calorimeter. In this case, 
standardized calorimetric devices are useful as, for example, commercially available 
microcalorimeters (e. g. TAM, TA Instruments, USA, (Kemp and Guan 1998). A sample loop 
can be problematic due to clogging of the tubes and sedimentation of biomass inside the 
measuring cell. However, most serious limitations arise from the depletion of oxygen or 
carbon substrate during sample transfer, even if very high flow rates are applied. The 
immersion of a calorimetric probe into the bioreactor would lead to considerably shorter 
pathways. The development of such a device by LKB, Sweden about forty years ago was not 
successful (Wegstedt and Lindblad 1978). Therefore, increasing attention has been focused on 
the application of chip calorimeters which seem to be promising for overcoming these 
problems. 
The chip calorimeter is a miniaturized heat power meter based on silicon solid-state devices 
and manufactured using MEMS (micro-electromechanical system) technology. A crucial 
feature of this device is a chip membrane of several tens of nanometers to a few micrometers 
thick which serves as sample holder. Thin film calibration heaters and temperature sensors for 
heat and heat flow measurement are integrated there (Lerchner et al. 2008b). The extremely 
low heat capacity and high thermal resistance of the chip membrane are essential 
preconditions to detect heat dissipation from small sample amounts. In the case of biological 
samples, nearly steady-state or slowly changing processes take place. Therefore, the 
measurement principle is based on determining a heat flux towards a heat sink. Consequently, 
the magnitude of the heat flow signal results from the overall heat rate of the sample, meaning 
the specific heat rate of the species and the amount of the sample (Lerchner et al. 2008a). 
Additional advantages of chip calorimeters arise from their low thermal time constants due to 
the strongly reduced sample amount. Thermal time constants of only a few seconds or less 
allow enhanced sample throughput and decreases the impact of external temperature 
variations on the signal noise (Lerchner et al. 2006b). Both, the increased sample throughput 
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and the improved technical compatibility to the reactor periphery, should be relevant for the 
use of the chip calorimeter as diagnostic tool in bioreactor control. Sensitivity and sample 
amount are not the challenges here. The limits are applications with increased viscosity, large 
particles (larger than bacteria) and where gas bubbles arise by increased aeration inside the 
reactor. Results of heat rates from a batch culture of E. coli growing in a laboratory-scale 
bioreactor and monitored using a chip calorimeter were reported by Maskow (Maskow et al. 
2006). They could demonstrate that at low cell densities (OD < 1) the applied chip calorimeter 
provides precise information on the status of the growing bacterial culture.  
This current study presents a newly designed chip calorimeter with integrated, real-time 
sample dilution. The aim of this new design is to measure the heat rate of samples from 
conventional bioreactors at higher cell densities. 
 
2.2 Working principle and operation modes 
2.2.1 Chip calorimeter 
The applied calorimeter is a modified version of a system developed by the group of Lerchner 
at the TU Bergakademie Freiberg (Lerchner et al. 2008b; Lerchner et al. 2006a). It has been 
routinely used several years for investigating metabolic processes in micro-sized biochemical, 
microbiological and cell-biological samples. This system consists of two separate parts: a 
calorimetric unit comprising a heat flow meter based on a silicon chip and two nested highly 
stable thermostats as well as a control unit including signal processing electronic boards and 
fluidic components. The silicon thermopile chip was developed and manufactured by IPHT 
Jena (Baier et al. 2005). For measuring cell suspensions, usually a flow-through measuring 
chamber of 24 µL is used. Because the thermopile is split into four independently readable 
sections, four signals are simultaneously generated, and reflect a sample volume of 6 µl each. 
Under laboratory conditions, a power equivalent noise of 20 nW corresponding to 3 mW L-1 
can be achieved.  
To adapt the system to the requirements of bioreactor control, the following modifications 
have been made. First, the system was redesigned by arranging the heat flow meter, the 
thermostats, the electronic signal preconditioning components, and some of the fluidic 
components into a compact unit which can be installed very close to the bioreactor, thereby 
reducing the distance between reactor interior and the sample entry port down to few 
Measurement of Metabolic Activities in Stirred Tank Reactors by a Chip Calorimeter 8 
 
 
centimeters (Figure 2-1). By fixing the operation temperature at 37°C, a Peltier-cooler could 
be omitted.  Second, the inner diameter of connecting tubes and the heat exchanger was 
widened from 0.3 to 0.6 mm to tolerate volume flow rates of up to 300 µL min-1 and a higher 
viscosity of the sample liquid. The heat exchanger was equipped with an auxiliary heater to 
improve its efficiency. Third, the fluidic system was essentially redesigned to allow trapping 
of gas bubbles, stopped-flow and continuous injection operations as well as real-time dilution 
of the sampled bioreactor broth.  
  
Figure 2-1 Chip calorimeter for bioreactor monitoring. A: Calorimetric unit with flow channel 
mounted atop the thermopile chip, and two nested thermostats. B: Calorimeter 
(without housing) with integrated calorimetric unit, fluidic components, and signal 
conditioning electronics. 
  
2.2.2 Operation modes 
Figure 2-2 illustrates the fluidic system. It consists of two Piston Pumps (LEE, USA, 1,4 mL), 
several valves (LEE, USA), a gas Bubble Trap, and a Sample Loop (2 mL). The dead volumes 
of the inlet lines between bioreactor adaptor and the Bubble Trap and that between Bubble 
Trap and calorimeter inlet are 80 µL and 90 µL, respectively. Prior to a measurement series, 
the system is flushed with buffer solution or saline by using Piston Pump 2. Buffer solution 
Calorimetric unit 
Signal conditioning 
Fluidic components 
Adapter 
Inner thermostat 
Flow channel 
Outer thermostat 
A 
B 
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and saline serve as carrier liquid and for diluting the biological sample. A measurement cycle 
is started by several quick pumping actions (1.4 mL, 6 mL min-1) of Piston Pump 1 flushing 
the Sample Loop with biological broth which is sucked out of the bioreactor (a).  
 
Figure 2-2 Fluidic system consisting of the Piston Pumps 1 and 2, the valves V1 … V6, a gas 
Bubble Trap, and a Sample Loop of 2 mL. The components of the External Fluidics 
are installed apart from the integrated fluids. The following fluidic operations are 
used: a - sample absorption from bioreactor, (a) - with dilution; b – sample to waste; c 
– sample to calorimeter; d – flushing of Piston Pump 1 and Sample Loop by Piston 
Pump 2; e – flushing of the calorimeter by Piston Pump 2; f – refill of Piston Pump 2.   
The gas which is collected in the Bubble Trap is removed as waste before the sample liquid is 
injected into the measurement chamber (b). Then, a defined fraction of the sample loop 
content is pushed through the measurement chamber of the calorimeter by pumping carrier 
liquid from Piston Pump 1 with a flow rate of 200 µL min-1 (c). In the case of the stopped-
flow mode, approx. 200 µL are injected to obtain a defined sample volume inside of the 
measurement chamber. As soon as a stable calorimetric signal is achieved, the sample is 
removed from the measurement chamber by pumping carrier liquid from Piston Pump 2 (e) at 
full stroke (1.4 mL) and an increased flow rate (300 µL min-1). During the stop phase between 
sample injection and removal Piston Pump 1 and the Sample Loop are cleaned by flushing 
with liquid from Piston Pump 2 (d). The stopped-flow operation mode provides the best 
signal resolution but leads to a marked delay between sample absorption and signal generation 
V2
V3
V4
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which is unacceptable in cases of high oxygen consumption rates. Alternatively, a bigger 
sample volume (> 0.8 mL) can be continuously injected to generate information about the 
metabolic heat rate already during injection. As it is explained below, oxygen depletion 
effects can be corrected in this way. In any case, oxygen depletion during sample transfer and 
measurement delays must be avoided. Otherwise, the measurement of aerobic metabolism 
would be impossible. Therefore, to avoid oxygen depletion, the fermentation broth was 
diluted in real-time with NaCl-solution which contained oxygen. Consequently, both Piston 
Pumps were activated simultaneously in order to add buffer or saline from Piston Pump 2 
during sucking of the sample from the bioreactor performed by Piston Pump 1. The amount of 
sample can be adjusted via the difference between the flow rates of both pumps. The 
maximum tested dilution factor was 10. 
 
2.2.3 Signal forms  
According to Figure 2-3A several measurement cycles of the stopped-flow operation mode 
are shown. During the injection of the sample, an endothermal distortion caused by 
insufficient temperature equilibration of the incoming liquid is seen. Then, after stopping the 
injection, an exothermal signal shift ∆u appears; this correlates with the metabolic heat 
production rate of the sample. Thereafter, the sample is replaced by NaCl solution during a 
second injection step. Usually, more than 1 mL of NaCl solution is pumped through the 
measurement chamber with the maximum flow rate (300 mL min-1). This cleaning step is 
necessary to ensure the complete removal of the biomass, in particular if cell density is high. 
Depending on the intensity of the metabolic activity, different signal forms can be observed 
(Figure 2-3Aa-d). At the beginning of fermentations, by assuming low biomass 
concentrations, the signal is in a steady-state during the whole stop phase (a). In contrast to 
(a), the steady state ends in the stop phases of the measurement cycles (b-d), which reflects 
increasing biomass concentrations. The signal decay during the stop phase can be explained 
with the depletion of oxygen in the sample liquid, which is caused by an immediate decrease 
in the (aerobic) metabolic activity. The assumption that oxygen depletion exists was proved 
by measuring the oxygen concentration in the liquid using a miniaturized flow-through 
oxygen sensor (PreSens, Germany) closely connected to the outlet of the measurement 
chamber. Furthermore, the linear correlation (shown in Figure 2-3B) between the cut-off time 
tc, here defined as the delay between start of injection and inflection point of the decaying 
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signal, and the signal shift ∆u, should provide an approximate value of the oxygen related 
enthalpy of the metabolism (Eq. 8).  
 
Figure 2-3 Analysis of signals from stopped-flow measurements with E. coli VH33. A: Set of 
signals (a … d) indicating increasing metabolic activity. The voltage shift ∆u provides 
the metabolic heat rate. Till ∆tc, the cut-off time, aerobic conditions exist. B: Linear 
dependency of the inverse voltage shift on the cut-off time. C: Comparison of 
measured and Monod-modeled fractions of signals b and c.  
With a sample volume of 6 µL and an assumed oxygen concentration for 37°C of 
0.21 mmol L-1 an enthalpy of -470 kJ mol-1 could be derived which agrees well with the 
oxycaloric equivalent. Surprisingly, the curve cuts the abscissa at ∆tc ≈ 130 s. Because oxygen 
depletion should start already during sampling an intercept point at a position few seconds 
below zero is expected. Obviously, oxygen is absorbed by the sample during transport 
through the fluidics. Therefore, it can be assumed: if ∆tc > 130 s (equal to cycle time > 210 s 
in Figure 2-3A) the oxygen supply is completely switched off. 
To demonstrate that the signal form is strongly determined by the kinetics of the oxygen 
consumption, the relevant parts of the signals, showing the oxygen depletion, were fitted to 
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oxygen related Monod kinetics (Eq. 2). For that, the signals were baseline corrected prior to 
data processing. Figure 2-3C shows that the assumption of the Monod kinetics for the oxygen 
consumption fits well with the measured set of signals. For a given enthalpy ∆HX, the 
calorimetric signal (signal shift) ∆u is a measure of the metabolic flow (Eq. 1). The impact of 
the oxygen concentration on the metabolic flow is considered by Eq. 2 assuming Monod 
kinetics regarding oxygen and substrate saturation. 
∆𝑢 = 𝑆 𝑉 𝑞 = 𝑆 𝑉 𝑑𝑐𝑋
𝑑𝑡
 ∆𝐻𝑋 
 
Eq. 1 
 
𝑑𝑐𝑋
𝑑𝑡
=  𝜇𝑚𝑎𝑥 𝑐𝑋  𝑐𝑂2𝐾𝑂2 +  𝑐𝑂2 
with 
Eq. 2 
 
𝑑𝑐𝑋
𝑑𝑡
= −  1
𝑌𝑂/𝑋  𝑑𝑐𝑂2𝑑𝑡  
and 
Eq. 3 
 
∆𝐻𝑋 =  𝑌𝑂2/𝑋 ∆𝐻𝑜𝑥 
Eq. 1 and Eq. 2 can be transformed to 
Eq. 4 
 
∆𝑢 = 𝑆 𝑉𝑆 𝑞 = 𝑆 𝑉 𝑑𝑐𝑂𝑑𝑡  ∆𝐻𝑜𝑥 = 𝑎 𝑑𝑐𝑂2𝑑𝑡  
and 
Eq. 5 
𝑑𝑐𝑂2
𝑑𝑡
= − 𝜇𝑚𝑎𝑥 𝑐𝑋 𝑌𝑂2/𝑋   𝑐𝑂2𝐾𝑂2 +  𝑐𝑂2 =  −𝑘 𝑐𝑂2𝐾𝑂2 +  𝑐𝑂2 Eq. 6 
in which S, V, and ∆Hox are summarized by constant a (value of 14 V L s mol-1). The 
parameters k = µmax cX 𝑌𝑂2/𝑋 represents the current metabolic activity of the sample assuming 
nearly constant biomass concentration during the time of observation. To model the 
calorimetric  signals, the parameters k, 𝐾𝑂2and the initial value of 𝑐𝑂2 have been optimized by 
least-square fit. For the numerical fitting an explicit solution of Eq. 6 was used (Eq. 7, 
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(Goudar et al. 2004)). Data processing time could be saved by preprocessing of the Lambert 
W function and calculation of 𝑐𝑂2(𝑡) by a table look-up procedure. The differentiation of 
𝑐𝑂2(𝑡) was performed numerically. 
𝑐𝑂2(𝑡) =  𝐾𝑂2  𝑊𝑐𝑂2(𝑡)𝐾𝑂2  𝑒𝑥𝑝 �−𝑘 𝑡 +  𝑐𝑂2(𝑡 = 0)𝐾𝑂2 � Eq. 7 
For the simultaneous fit of three signals shown in Figure 2-3, seven parameters had to be 
adjusted: k and 𝑐𝑂2(𝑡 = 0), individually for each signal, and 𝐾𝑂2 as common parameter. 
Equation 8 can be derived by integration of Eq. 5 assuming constant ∆u till complete 
consumption of oxygen at tc.  
∆𝑢−1 =  1
𝑆 𝑉𝑆 ∆𝐻𝑜𝑥𝑐𝑂2(𝑡 = 0) ∆𝑡𝑐 − 0.04 Eq. 8 
 
The Monod constant for oxygen, KO = 9 µmol L-1, obtained from a simultaneous fit of the 
signal set (see Eq. 2 - Eq. 8), is similar to literature data (Kobayashi et al. 1973). As explained 
above, apparently, the oxygen depletion starts at time tc. Therefore, the experimental data 
were extrapolated to tc (dashed curves in Figure 2-3C) and fitted over the whole range. 
Interestingly, similar starting values for the oxygen concentration were found:  0.21 mmol L-1, 
and 0.23 mmol L-1 for b and c, respectively. These values correspond well to literature data of 
0.21 mmol L-1 for oxygen solubility at 37°C and 101.325 kPa (Weisenberger and Schumpe 
1996). 
The measurement of the metabolic activity as a steady-state signal in the stop phase provides 
the most precise data. However, the delay caused by the injection and the required 
stabilization of the signal, limits the measurement range. For example, a delay of one minute 
related to the start of sampling, restricts the maximum volume specific heat rate to a value of 
about 1 W L-1. Therefore, it does not seem to be reasonable to apply this operation mode to 
considerably higher biomass densities, unless the fermentation broth is diluted by an oxygen-
enriched medium during sampling. As explained above, the newly designed fluidic system 
allows a fast absorption of 1.4 mL of sample and the continuous pumping through the 
measurement chamber. If the metabolic activity is below 5 W L-1, the decrease in the 
metabolic rate of the organism caused by oxygen depletion can be monitored over a wider 
range, which enables the modeling of the signal and its extrapolation to the start of sampling. 
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In the case of 𝑐𝑂2 << 𝐾𝑂2, an exponential fit should be possible (Figure 2-4). Because the 
signals are more strongly disturbed during injection, the method is not very reliable and 
accurate in the stop phase. 
 
Figure 2-4 Analysis of signals from continuous injection mode. The signal is exponentially fitted 
in the selected range and extrapolated to the time when injection is started. The signal 
shift ∆u is calculated with respect to the (extrapolated) steady-state signal during 
continuous injection 
 
2.2.4 Experimental setup 
2.2.4.1 Microbial strains 
Escherichia coli VH33 was used in this study. For this strain, the genetic sequence for the 
phosphotransferase system (PTS) in the bacterial chromosome was deleted. In order for 
glucose to pass the plasma membrane, the galactose permease (GalP), as an alternative uptake 
mechanism, was amplified on a genetic level (De Anda et al. 2006). Consequently, this strain 
has a strictly reduced overflow metabolism. Even in batch cultivations with an initial glucose 
concentration of 130 g L-1 the measured acetate concentration in the supernatant was below 
0.5 g L-1 (Knabben et al. 2010b). Thus E. coli VH33 was chosen for the experiments shown in 
this publication. 
In this study the yeast wild-typ Arxula adeninivorans CBS8244 was used as well. This strain 
changes the morphology depending on the cultivation temperature (Wartmann et al. 1995). 
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With increasing temperature, it changes from single cell to mycelia. Therefore, this yeast is 
the optimal model organism for testing the maximum size and mass before clogging the 
transport ways of the chip calorimeter.  
2.2.4.2 Media 
Escherichia coli VH33: For the first preculture, TB medium (Terrific Broth) was used. It 
contained, in g L-1: yeast extract (ROTH, Germany), 24; peptone from casein (ROTH, 
Germany), 12; KH2PO4, 4.72; K2HPO4, 11.36; glucose, 10. For the second preculture and 
main culture, Wilms-MOPS medium was used. It contained, in g L-1: glucose or glycerol, 10; 
(NH4)2SO4, 5; NH4Cl, 0.5; K2HPO4, 3; Na2SO4, 2; MOPS, 41.85; trace element solution, 1 
mL L-1; thiamine solution, 1 mL L-1 and MgSO4·7H2O solution, 1 mL L-1. The trace element 
solution contained, in mg L-1: ZnSO4·7H2O, 0.54; CuSO4·5H2O, 0.48; MnSO4·H2O, 0.3; 
CoCl2·6H2O, 0.54; FeCl3·6H2O, 41.76; CaCl2·2H2O, 1.98; Na2EDTA·2H2O (Titriplex III), 
33.39. The thiamine solution contained: thiamine-HCl 0.01 g L-1. The MgSO4·7H2O solution 
contained: 0.5 g L-1. 
Arxula adeninivorans: For the first preculture, YEPD medium was used. It contained, in  
g L-1: yeast extract (ROTH, Germany), 10; peptone from casein (ROTH, Germany), 20; 
glucose, 10. For the second preculture and main culture, modified Syn6 medium (Knoll et al., 
2007) was used. It contained in g L−1: glucose, 10; (NH4)2SO4, 7.66; KH2PO4, 1; NaCl, 0.3; 
KCl, 3.3; MgSO4·7H2O, 3; CaCl2·2H2O, 10; EDTA (Titriplex III), 0.13; (NH4)2FeSO4·6H2O, 
0.13; CuSO4·5H2O, 0.011; ZnSO4·7H2O, 0.04; MnSO4·H2O, 0.055; NiSO4·6H2O, 0.00013; 
CoCl2·6H2O, 0.00013; H3BO3, 0.00013; KI, 0.00013; Na2MoO2·2H2O, 0.00013; thiamine-
HCl, 0.27; biotine, 0.0003. 
2.2.4.3 Bioreactor and analysis 
The experiments were executed in a 2 L stirred tank reactor (Biostat B plus, Sartorius, 
Germany). The aeration was increased stepwise up to 2 vvm. The dissolved oxygen tension 
(DOT) was controlled by the stirring rate to ensure values of higher 90% or 30%. 
The optical density (OD600) was measured with a spectrophotometer (Genesys 20, Thermo 
Fischer Scientific, Dreieich, Germany). To quantify glucose and other organic compounds, 
the supernatants were analyzed with High Performance Liquid Chromatography (HPLC). The 
HPLC samples were analyzed with a Dionex HPLC (Dionex, Sunnyvale, USA) with an 
Organic Acid-Resin 250 x 8 mm (CS-Chromatographie, Langerwehe, Germany) and a 
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Skodex RI-71 detector. As solvent, 5 mM H2SO4, with a flow rate of 0.6 mL min-1 and a 
temperature of 60°C, was used. 
 
2.3 Results and discussion 
The proper operation of the chip calorimeter was tested by batch fermentations of two 
different strains. The E. coli VH33 was used because of its strictly reduced overflow 
metabolism which ensures a validation of the measured heat rates by comparison to those 
calculated from OTR data. Heat rates were calculated based on the substrate specific oxygen 
related enthalpies ∆Hox for glucose and glycerol (-469 kJ mol-1-O2 and -439 kJ mol-1-O2, 
respectively). Results from the yeast fermentation of A. adeninivorans are given here to 
illustrate some limitations of the method. 
 
 
Figure 2-5 Batch culture of E. coli VH33 in Wilms-MOPS medium with initial glycerol 
concentration of 10 g L-1. Comparison of the heat generation measured by the chip 
calorimeter in stopped-flow and continuous injection modes to the result of the exhaust 
gas analysis recalculated with the oxycaloric equivalent. Fermentation conditions:  
Tr = 37°C, VL = 2 L, n = 100 – 2000 rpm, gas flow rate = 0.1 – 2 vvm, pH = 7, DOT 
exceed 90% air saturation during the whole fermentation time. 
According to Figure 2-5, E. coli VH33 started to grow with an initial heat rate of 0.12 W L-1 
and, after the exponential growth phase, attained a maximum value of 11.3 W L-1 at 10.3 h. 
Due to the low expected heat rate at the beginning of the fermentation, the stopped-flow mode 
(see Figure 2-3A) for the chip calorimeter was applied. Up to a volume specific heat rate of 
about 1 W L-1, Figure 2-5 shows almost identical results by comparing data from exhaust gas 
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analysis and the chip calorimeter. This agreement of values demonstrates the high accuracy of 
the device especially for measuring low values of heat generation in bioreactors. At higher 
biological heat generation, calorimetry fails in the case of stopped-flow mode because of 
oxygen depletion in the sample. The working range can be extended to 3.7 W L-1 by applying 
the continuous injection mode. Unfortunately, there is a gap between the applicable working 
ranges of both operation modes. The successful application of the continuous injection mode 
requires highly accurate data which can hardly be realized under harsh surrounding 
conditions.  
The more accurate stopped-flow injection is useful even at heat rates above 1 W L-1 if real-
time dilution of the sample is performed. This mode was applied to a batch cultivation of  
E. coli VH33. According to Figure 2-6A, E. coli VH33 started to grow with an initial OTR of  
0.2 mmol L-1 h-1 and an initial OD600 of 0.1. After an exponential growth phase, the OTR and 
the OD600 attained approx. 31 mmol L-1 h-1 and 10, respectively. Due to the genetically 
modifications of the strain, nearly no ethanol or acetate was formed.  
 
Figure 2-6 Batch culture of E. coli VH33 in Wilms-MOPS medium with initial glucose 
concentration of 10 g L-1. (A) Curves of the oxygen transfer rate (OTR), OD600, 
glucose, ethanol and acetate. (B) Comparison of the heat rate measured by the chip-
calorimeter in stopped-flow mode at tenfold dilution to the result of the exhaust gas 
analysis recalculated with the oxycaloric equivalent. Fermentation conditions:  
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Tr = 37°C, VL = 2 L, n = 100 – 2000 rpm, gas flow rate = 0.1 – 2 vvm, pH = 7, DOT 
exceed 30 % air saturation during the whole fermentation time. 
Figure 2-6B indicates that measuring the heat generation over the whole fermentation time is 
possible, using the real-time dilution of the sample. Both calculated heat rates from the 
exhaust gas analysis as well as the data from the chip calorimeter agree well. Moreover, it is 
not necessary anymore to run experiments with abnormal high DOT values of > 90% to avoid 
oxygen depletion in the sample as long as possible. However, the dilution has to be carefully 
considered, because the fast change of oxygen tension may cause changes in the metabolism 
of the monitored microorganism. 
The calorimetric analysis of the fermentation of A. adeninivorans demonstrates some 
limitations of the method. As it is shown in Figure 2-7, there are deviations between the 
curves above 4 W L-1. Obviously, the rate of dilution was too small to avoid oxygen 
depletion. More seriously, biomass is retained in the measuring chamber which provides the 
high calorimetric signals even after the depletion of the C-source.  
 
Figure 2-7 Batch culture of A. adeninivorans in Syn6 medium with initial glucose concentration of 
10 g L-1. (A) Curves of the oxygen transfer rate (OTR), OD600, glucose, ethanol and acetat. 
(B) Comparison of the heat rate measured by the chip-calorimeter in stopped-flow mode 
at sevenfold dilution to the result of the exhaust gas analysis recalculated with the 
oxycaloric equivalent. Fermentation conditions: Tr = 30°C, VL = 2 L, n = 100 – 2000 rpm, 
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gas flow rate = 0.1 – 2 vvm, pH = 7, DOT exceed 30 % air saturation during the whole 
fermentation time. 
 
2.4 Conclusions 
A miniaturized, silicon chip based calorimeter was successfully developed which allows an 
online and real-time monitoring of metabolic activity of microbiological cultures in 
bioreactors. Due to its miniaturization, the calorimeter can be located close to conventional 
bioreactors of very different sizes ensuring dead volumes of only a few hundreds of 
microliters. As a consequence of the reduced dead volume and the application of sophisticated 
injection regimes, a maximum volume specific heat rate of about 4 W L-1 could be achieved. 
This is ten times higher than that currently found by using conventional micro-calorimeters. 
Because high-density fermentations often lead to heat rates higher than 30 W L-1 the 
developed calorimeter should rather be applied for screening purposes than for industrial 
bioreactor control. 
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3 Two Ways for Designing Reactor 
Calorimeters 
3.1 Introduction 
Calorimetry, the measurement of heat generation, is a universal tool for monitoring chemical, 
biochemical and biological processes (von Stockar and van der Wielen 1997b). In 
biotechnology the calorimetric signal provides information on metabolic changes (Duboc et 
al. 1998) and allows quantifying and balancing of biological processes (von Stockar et al. 
1993). For example, Birou et al. (1987) used this technique to investigate various aerobic 
batch cultivations. Moreover, feed controls were established based on the calorimetric signal 
(Biener et al. 2010; Larsson et al. 1991; Randolph et al. 1990; van Kleeff et al. 1998).  
Since the stirred tank reactor is the most important reactor type in biotechnology, process 
monitoring can be optimized using calorimetry (Albers et al. 2002; Maskow et al. 2006; 
Schubert et al. 2007). For large-scale stirred tank reactors calorimetry was implemented by 
several researchers (Bourne 1981; Tuerker 2004; Voisard et al. 2002a; von Stockar and 
Marison 1991). There are basically two ways to measure the heat flow from the reactor 
interior to the reactor jacket during a fermentation. The first possibility is to establish an 
energy balance over the cooling jacket and requires measuring the inlet temperature 𝑇𝑖𝑛 and 
outlet temperature 𝑇𝑜𝑢𝑡 as well as the mass flow ?̇? of the cooling liquid in order to solve  
Eq. 9. This “heat capacity” method was applied to the stirred tank reactor by Biener et al. 
(2010). 
𝑞 = ?̇? ∙ 𝑐𝑝,𝐻2𝑂 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) Eq. 9 
The second way, the “heat transfer” method, based on the precise determination of the heat 
transfer coefficient UA and measuring the temperature difference between the reactor broth Tr 
and the average temperature of the cooling liquid in the jacket 
𝑞 = 𝑈𝐴 ∙ �𝑇𝑟 − 𝑇𝑗� Eq. 10 
Typically, 𝑈𝐴 must be calculated for each cultivation system; this requires knowing the exact 
dimension and geometry of the reactor as well as the properties of materials and liquids of the 
system (Beitz et al. 1994; Lehrer 1970). The heat transfer coefficient 𝑈𝐴 can also be 
measured in micro- and laboratory-scale conditions (Bou-Diab et al. 2001; Gill et al. 2008). 
Voisard et al. (2002) developed a calibration heater to measure 𝑈𝐴 in a large-scale reactor. 
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However, this study did not show continuous measurements of the heat transfer coefficient 
nor did it validate the method used. Moreover, the aforementioned authors did not compare 
the two methods (Eq. 9 and Eq. 10) for determining the heat generation. 
 
Thus, the focus of this work is to compare and validate both measuring calorimetric methods 
(Eq. 9 and Eq. 10). Consequently, a 50 L stirred tank reactor (Maier et al. 2001) was modified 
for measuring all relevant signals to determine the heat generation 𝑞 (Figure 3-1). To validate 
the measured 𝑈𝐴 values, the heat transfer coefficient was also compared with values from 
established calculations (Beitz et al. 1994). The methods were applied to batch cultivation 
with Escherichia coli VH33, a genetically modified strain without any overflow metabolism 
(De Anda et al. 2006; Knabben et al. 2010b). This enables the validation of the calorimetric 
methods by comparing the biological heat generation 𝑞𝑏𝑖𝑜 with the O2-consumption which 
was converted into heat generation by the oxycaloric equivalent (Cooney et al. 1968; Kemp 
2000).   
 
3.2 Reactor system 
Figure 3-1 shows the 50 L stirred tank bioreactor (LP 351, Bioengineering AG, Wald, 
Switzerland) which is described in detail by Maier et al. (2001), Knoll et. al. (2005) and Knoll 
et al. (2007). High cell density cultures can be realized by increasing the headspace pressure 
up to 10 bar (overpressure) if necessary (Knabben et al. 2010a; Knabben et al. 2010b). To 
obtain calorimetric measurements, the reactor system was modified as follows: two 
temperature probes (Pt100) were installed at the water inlet 𝑇𝑖𝑛 and outlet 𝑇𝑜𝑢𝑡 of the cooling 
water system, respectively. All temperature probes of the reactor system (Tr, Tout and Tin) 
were calibrated in the same liquid at the same time between 25°C and 40°C. The mass flow ?̇? 
of the cooling water was measured using a coriolis mass flow controller (Proline Promass, 
Endress+Hauser Flowtec AG, Reinach, Switzerland). The heat transfer coefficient UA, 
reflecting the resistance of heat transfer from the reactor inside to the cooling water in the 
jacket, was determined using a self-constructed calibration heater. It consists of stainless steel 
and was inserted into a standard 25 mm Ingold part. The mechanical power input from the 
stirrer was measured with a torque sensor as explained in detail below. 
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Figure 3-1 Scheme of pressure fermenter with cooling/heating water cycle including temperature 
probes at the inlet Tin and outlet Tout and a mass flow controller. Additional systems and 
probes connected to the fermenter are the calibration heater, temperature probe inside the 
reactor Tr, pH probe and control, dissolved oxygen tension DOT, measurement system for 
torque and stirrer speed, pressure control and an exhaust gas analyzer (O2, CO2) for 
calculation of the oxygen transfer rate (OTR) and the oxycaloric equivalent.   
 
3.2.1 Theoretical calculations of the heat transfer coefficient UA 
There are in general two possibilities to determine the heat transfer coefficient UA– 
measurement or calculation based on offline samples (to determine i.e. viscosity and density). 
The following chapter gives an overview about the equations and assumptions which were 
used for calculating UAtheoretical.    𝑈𝐴𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑈𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 ∙ 𝐴𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 Eq. 11 
The heat transfer area 𝐴𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 depends on reactor geometry (dished boiler end and 
cylinder) and filling volume. Assuming a filling volume VL of 27 L, the value of Atheoretical is 
Two Ways for Designing Reactor Calorimeters 23 
 
 
0.45 m2. The increase of the filling volume due to the addition of ammonia solution for pH 
controlling was taken into consideration. Eq. 12 shows the total heat transfer UAtheoretical from 
the reactor inside to the cooling water. The influence of the heat conductivity to peripheral 
devices which are connected to the vessel is hereby neglected.    1
𝑈𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
= 1
∝𝑅
+ 𝛿
𝜆𝑠𝑡𝑒𝑒𝑙
+ 1
𝛼𝐽
 
Eq. 12 
 
The heat transfer coefficient from the fermentation broth to the reactor wall 𝛼𝑅 is calculated 
according to Eqs. 15 – 18 (Bailey and Ollis 1986). This value depends on the dimensionless 
numbers of Nusselt NuR Reynolds ReR and Prandtl PrR. Equations Eq. 13 - Eq. 16 are valid 
under turbulent conditions for Newton fluids (Edwards and Wilkinson 1972). By considering 
the experimental setup (Rushton turbine, reactor geometry, and minimal stirrer speed of 400 
rpm), the Reynolds number of the reactor inside ReR is 136553 which is larger than 10000 
during the whole course of the fermentation. Thus, the reactor fluid is turbulent, all 
parameters of the following Eq. 12 - Eq. 16 are described in Table I. 
𝛼𝑅 = 𝑁𝑢𝑅 𝜆𝑅𝑑𝑏 Eq. 13  
𝑁𝑢𝑅 = 0.66𝑅𝑒𝑅23𝑃𝑟𝑅13 Eq. 14  
𝑃𝑟𝑅 = 𝜂𝑅𝑐𝑝,𝑅𝜆𝑅  Eq. 15  
𝑅𝑒𝑅 = 𝑛𝑑𝑅𝜌𝑅𝜂𝑅  Eq. 16  
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Table I Parameters for the calculation of the heat transfer from the fermentation broth to the 
reactor wall αR. 
Parameter Unit Description Value 
𝛿 m thickness of the wall 0.005 
𝜆𝑠𝑡𝑒𝑒𝑙 W K
-1 m-1 
heat conductivity 
stainless steel 1.4435a 
15 
𝑑𝑏 m inner diameter of the reactor 0.314 
𝐴 m2 heat exchange area 0.45 
𝑑𝑅 m diameter of the stirrer 0.12 
𝜂𝑅 Pa s viscosity measured by samples  
𝜌𝑅 kg m
-3 density measured by samples  
𝑐𝑝,𝑅 J kg-1 K-1 heat capacity assumed for watera 4179 
𝜆𝑅 W K
-1 m-1 heat conductivity assumed for watera 0.632 
a Values according to (Beitz et al. 1994) 
 
The heat transfer coefficient from the wall to the cooling water in the jacket 𝛼𝐽 is calculated 
using Eq. 17 - Eq. 21 (Lehrer 1970). By considering the experimental setup (jacket geometry, 
mass flow of cooling water of 1500 kg h-1), the Reynolds number of the jacket ReJ is 4801 
which is larger than 2300 during the whole course of the fermentation. Thus the cooling water 
in the gap of jacket is turbulent. All parameters of the following Eq. 17 - Eq. 21 are described 
in Table II.       
𝛼𝐽 = 𝑁𝑢𝐽 𝜆𝐽
�83𝑑𝑠 
Eq. 17 
 
𝑁𝑢𝐽 = 0.03𝑅𝑒𝐽0.75𝑃𝑟𝐽 �1 + 1.74�𝑃𝑟𝐽 − 1�𝑅𝑒𝐽0.75 �−1 Eq. 18  
𝑃𝑟𝐽 = 𝜂𝐽𝑐𝑝,𝑤𝜆𝐽  Eq. 19  
𝑅𝑒𝐽 = 2.67𝑢ℎ𝑑𝑔𝜌𝐽𝜂𝐽  Eq. 20  
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𝑢ℎ = � ?̇?𝜋𝜌𝐽𝑑𝑔2 ∙ 𝜋4 𝑑𝑏𝑑𝑠𝜌𝑅 + 0.5�2𝑔ℎ𝑒(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) Eq. 21  
 
Table II Parameters for the calculation of the heat transfer from the wall to the cooling water in 
the jacket αJ. 
Parameter Unit Description Value 
𝜆𝐽 W K-1 m-1 heat conductivity for water 0.632 
𝑑𝑠 m gap width of jacket 0.004  
𝑑𝑔 m diameter of the inlet/ outlet stubs 0.12 
ℎ m height of jacket 0.5 
𝜂𝐽 Pa s 
viscosity of cooling water depending on 
jacket temperaturea 
0.00065 - 
0.000795 
𝜌𝐽 kg m-3 density measured by samples 1 
𝑐𝑝,𝑊 kJ kg-1 K-1 heat capacity for watera 4179 
𝑢ℎ m s
-1 speed of cooling water Eq. 21 
𝑒 K-1 
expansion coefficient of water 
depending on jacket temperaturea 
0.000304 - 
0.00036 
a Values according to (Beitz et al. 1994) 
 
3.2.2 Experimental setup for measuring the heat transfer 
coefficient UA 
Another alternative to determine the heat transfer coefficient 𝑈𝐴 for Eq. 10 is the 
measurement by using an additional tool – the calibration heater (Voisard et al. 2002a). The 
components and the working principle of this self-constructed device are described in the 
following chapter.  
The heater element (high performance cartridge heater – length: 0.05 m, maximum power: 
500 W, Türk + Hillinger, Tuttlingen, Germany) inside a pressure stable tube (stainless steel 
1.4435, thickness of the wall: 0.0025 m), was inserted into the reactor by using an Ingolt 
connector (Figure 3-1). With the calibration heater a defined power input 𝑞𝑐𝑎𝑙 can be 
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generated to determine the heat transfer coefficient 𝑈𝐴 by Eq. 24. If the calibration heater 
tube is switched off, than 
𝑞𝑗 = 𝑈𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∙ ∆𝑇𝑟𝑗,𝑜𝑓𝑓 
 
 Eq. 22 
is valid. If the heater is switched on, Eq. 23 is valid.    
𝑞𝑗 − 𝑞𝑐𝑎𝑙 = 𝑈𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ∙ ∆𝑇𝑟𝑗,𝑜𝑛 Eq. 23 
 
The heat transfer coefficient 𝑈𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is calculated by combining Eq. 22 and Eq. 23: 
𝑈𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑞𝑐𝑎𝑙∆𝑇𝑗,𝑜𝑓𝑓 − ∆𝑇𝑗,𝑜𝑛 Eq. 24  
Figure 3-2 shows an example and illustrates the actual determination of 𝑈𝐴 for two phases of 
a fermentation by using the calibration heater tube. According to Figure 3-2A, 𝑇𝑗(𝑡=0ℎ) 
represents a calibration before inoculation. Here, the reactor temperature 𝑇𝑟  =  37°C is 
almost equal to the jacket temperature 𝑇𝑗 until the heater is switched on. After the heater 
element is switched on, the jacket temperature drops immediately to approx. 35.8°C to 
compensate the additional heat in the system and to ensure a constant reactor temperature 𝑇𝑟. 
At t = 0.65 h the calibration heater is switched off, the jacket temperature 𝑇𝑟 returns to 37°C. 
Previous experiments concerning the reproduction of the determination of UA have shown a 
relative error of lower than 2% under steady state conditions.                              
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Figure 3-2 (A) Calibration phases during a fermentation to evaluate the heat transfer coefficient 
UAtransfer using Eq. 24. Two calibration phases are shown as examples (after 0 h and  
20 h fermentation time) to illustrate the influence of the calibration heater (switched 
on between t = 0.15 h up to 0.65 h) on the jacket temperature Tj. When the calibration 
heater is switched off before starting the fermentation (t = 0 h), the jacket temperature 
Tj is nearly equivalent to the reactor temperature Tr. (B) When the calibration heater is 
switched on, the temperature decreases to Tj,on. For t < 0.15 h and t > 0.65 h the heater 
is switched off, resulting in temperature Tj,off. The heat transfer coefficient UAtransfer can 
be calculated for each calibration phase using trend lines for Tj,off and Tj,on. 
As shown in Figure 3-2A and B a second calibration phase Tj(t=20h) represents the 
determination of UA during the exponential growth phase. At the beginning of the calibration 
phase the jacket temperature Tj is approx. 36°C which is lower than the reactor temperature. 
Because of the biological heat power, the jacket temperature was decreased, to cool the 
reactor system. To solve Eq. 24 the value for the temperature difference between Tj,on and Tj,off 
can be taken from the trend lines illustrated in Figure 3-2B. The trend lines are necessary to 
consider the decrease of the jacket temperature Tj, during a calibration in the exponential 
Two Ways for Designing Reactor Calorimeters 28 
 
 
growth phase, due to the increase of the biological heat generation. For the presented 
experiment the trend lines were calculated once the culture was over. 
3.2.3 Heat conductivity/loss of the calibration heater hull 
Important for the correct and precise working of the calibration heater is the transport way of 
the heat power which is generated by the heating element. In general, there are two 
possibilities for heat power transportation: the thermal conductivity of the heat power qλ from 
inside of the steel hull to the environment, and the convective heat transfer to the fermentation 
broth qR (Figure 3-3A). The aim of this section is to estimate the heat power transport of the 
hull to the environment via thermal conductivity and to decide whether it can be neglected or 
not.      
A 
 B 
 
Figure 3-3 (A) Scheme of the calibration heater with the position of the relevant parameters to 
calculate the heat conductivity from the heater to the environment (qλ) and the heat 
transfer to the fermentation broth (qR); (B) dimensioning of the hull of the calibration 
heater  
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The heat conductivity/loss of the calibration heater hull to the environment qλ depends on 
three main factors: the heat transfer factors λsteel and αR, the heat transfer areas Aλ and AR and 
the temperature gradient between the average temperature of the hull THull, the fermentation 
broth TR and the environment Te. 
The average temperature can be calculated by the following equation, which is derived from 
the computation of the heat conductivity in a pipe: 
𝑇𝐻𝑢𝑙𝑙 = 𝑇𝐻𝑒𝑎𝑡𝑒𝑟 − 𝑞𝑐𝑎𝑙2𝜋 ∙ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 ℎ𝑒𝑎𝑡𝑒𝑟 ∙ 𝜆𝑠𝑡𝑒𝑒𝑙 ∙ 𝑙𝑛 𝑟𝑜𝑟𝑖  
 
Eq. 25 
Assuming a cultivation temperature Tr = 37°C, the conditions of Table I and the geometry 
presented in Figure 3-3 (THeater was measured by a Pt100 implemented inside of the heater element) a value of the hull temperature can be calculated as follows: 
𝑇𝐻𝑢𝑙𝑙 = 345 𝐾 − 500 𝑊2𝜋 ∙ 0.05 𝑚 ∙ 15 𝑊𝑚 𝐾 ∙ 𝑙𝑛 0.01125 𝑚0.0085 𝑚  
𝑇𝐻𝑢𝑙𝑙 = 323 𝐾 = 50°𝐶 
Table III Comparison between the heat flow from to calibration heater to the fermentation broth 
(qR) and the heat flow from the calibration heater to the environment (qλ)   
Parameter 
Heat conductivity 
inside of the heater qλ 
Heat release to the 
fermentation broth qR 
Heat transfer 
coefficient U 
𝜆𝑠𝑡𝑒𝑒𝑙/𝑙𝑒𝑛𝑔ℎ 𝑜𝑓 ℎ𝑒𝑎𝑡𝑒𝑟 ℎ𝑢𝑙𝑙 
𝑏𝑒ℎ𝑖𝑛𝑑 𝑡ℎ𝑒 ℎ𝑒𝑎𝑡𝑒𝑟 = 300 𝑊 𝐾−1𝑚−2 
(value in Table I and Figure 3-3) 
𝛼𝑅 = 4000 𝑊 𝐾−1 𝑚−2 
(Eq. 13) 
Heat transfer  
area A 
𝐴𝜆 = 0.000194 𝑚2 𝐴𝑅 = 0.0071 𝑚2 
Temperature 
gradient 
𝑇𝐻𝑢𝑙𝑙 > 𝑇𝑅 > 𝑇𝑒            𝑇𝐻𝑢𝑙𝑙 > 𝑇𝑅 
 
Comparison 
 
𝑞𝜆 = 𝜆𝑠𝑡𝑒𝑒𝑙/𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 ℎ𝑢𝑙𝑙 ∙ 𝐴𝜆 ∙ (𝑇𝐻𝑢𝑙𝑙 − 𝑇𝑒) 
𝑞𝜆 = 0.03 ∙ (50°𝐶 − 15°𝐶) 
𝑞𝜆 = 2 𝑊 
𝑞𝑅 = 𝛼𝑅 ∙ 𝐴𝑅 ∙ (𝑇𝐻𝑢𝑙𝑙 − 𝑇𝑅) 
𝑞𝑅 = 28 ∙ (50°𝐶 − 37°𝐶) 
𝑞𝑅 = 370 𝑊 
𝒒𝝀 ≪ 𝒒𝑹 
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The heat transfer to the reactor inside is much higher the heat conductivity to the environment 
(𝑞𝜆 ≪ 𝑞𝑅). Therefore the heat loss due to the conductivity 𝑞𝜆 can be neglected.   
 
3.3 Heat sources and sinks of stirred tank reactors 
3.3.1 Heat balance 
According to Voisard et al. (2002), Biener et al. (2010) and Eq. 9 and Eq. 10, the heat balance 
𝑞𝑗 for a jacket of stirred tank reactor is:                 
𝑞𝑗 = 𝑞𝑏𝑖𝑜 + 𝑞𝑠𝑡𝑟 − 𝑞𝑙𝑜𝑠𝑠 − 𝑞𝑒𝑣𝑎 = 𝑈𝐴 ∙ ∆𝑇𝑟𝑗 = ?̇? ∙ 𝑐𝑝,𝐻2𝑂 ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) Eq. 26 
The main factors of heat generation are the biological heat power 𝑞𝑏𝑖𝑜, and the mechanical 
power input by the stirrer 𝑞𝑠𝑡𝑟. It was estimated that the heat generated by the addition of 
NH4OH (25% v/v) for pH control can be neglected. The main factors for heat loss are the 
evaporation 𝑞𝑒𝑣𝑎 and the heat loss to the environment 𝑞𝑙𝑜𝑠𝑠 due to incomplete insulation of 
the reactor. The heat transfer coefficient 𝑈𝐴 was determined by a self-constructed calibration 
heater and is described more in detail in a following chapter. The average temperature 
difference ΔTrj was calculated by the following Eq. 27. The mass flow ?̇? and the temperatures 
Tr, Tin and Tout were measured. 
∆𝑇𝑟𝑗 = �(𝑇𝑟 − 𝑇𝑖𝑛) − (𝑇𝑟 − 𝑇𝑜𝑢𝑡)�
𝑙𝑛 �
𝑇𝑟 − 𝑇𝑖𝑛
𝑇𝑟 − 𝑇𝑜𝑢𝑡
�
 
 
Eq. 27 
 
3.3.2 Mechanical power input  
An important impact factor for heat balancing of a stirred tank reactor (Eq. 26) is the 
mechanical power input by the stirrer. Consequently, a precise measurement of the torque and 
an exact calibration of the torque sensor is necessary. Figure 3-4 depicts the complete 
measurement and calibration system for the torque sensor. A hollow shaft ensures the 
measurement of real power consumption inside the reactor without any losses by the sealing 
ring. The sensor was calibrated with a self-constructed torsion module before the cultivation 
was started. By using this module, the shaft was simultaneously loaded with four defined 
forces 𝐹. In this way, no forces were exerted directly laterally on the shaft, which may 
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possibly hamper the calibration procedure.  The mechanical power input 𝑞𝑠𝑡𝑟 was determined 
with the following equation.  
𝑞𝑠𝑡𝑟 = 2𝜋 ∙ 𝑛 ∙ 𝑀60 ∙ 𝑉𝐿  Eq. 28  
 
 
Figure 3-4 Scheme of torque calibration: torque sensor outside of the reactor (due to the lacking 
temperature durability during sterilization) (1), slide ring sealing (2), self-constructed 
torsion module (6) clamped on the stirrer shaft (4). Using this module, the shaft can be 
loaded with defined forces F on deflection rollers (5) simultaneously at all four sides. 
This design leads to defined torsion moment for calibrating the system. It avoids 
lateral bending forces which would result in calibration errors. Because the torque 
signal is transferred from the inside of the reactor by a central shaft mounted inside a 
hollow shaft (3) the torque measurement is not influenced by the slide ring sealing (2). 
The torque measurement is based on an inducted current generated by the torque (type 
IT-MR, Dr.Staiger, Mohilo+Co GmbH, Lorch, Germany). 
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3.3.3 Water evaporation 
The water evaporation depends on the volumetric gas flow rate ?̇?𝑔𝑎𝑠, the pressure 𝑝𝑡 inside the 
pressure reactor and the media composition. These parameters influence the water vapor 
pressure 𝑝𝐻2𝑂 over the gas phase. The water vapor pressure can be described by the following 
equation of Clausius-Clapeyron and Raoult:  
𝑝𝐻2𝑂 = 𝑝∗ ∙ 𝑒−�∆𝑣𝐻𝐻2𝑂𝑅 �1𝑇− 1𝑇∗�� Eq. 29  
𝑝𝑚𝑒𝑑𝑖𝑢𝑚 = 𝑝𝐻2𝑂 − 𝑝𝐻2𝑂 � 𝑛𝑚𝑒𝑑𝑖𝑢𝑚𝑛𝐻2𝑂 + 𝑛𝑚𝑒𝑑𝑖𝑢𝑚� 
 
Eq. 30 
 
For pure water at 𝑇∗ = 373.15 K and 𝑝∗ = 1.01 bar, the vapor pressure 𝑝𝐻2𝑂 is  
0.0705 bar. Due to all the components dissolved in culture medium (𝑛𝑚𝑒𝑑𝑖𝑢𝑚) previously 
mentioned, the vapor pressure decreases to 0.0694 bar (𝑝𝑚𝑒𝑑𝑖𝑢𝑚). Assuming a totally water 
vapor saturated exhaust gas flow, the water evaporation 𝑞𝑒𝑣𝑎 can be calculated using 
∆𝑣𝐻𝐻2𝑂 = 43.54 kJ mol-1 and the following equation: 
 𝑞𝑒𝑣𝑎 = ∆𝑣𝐻𝐻2𝑂 ∙ ?̇?𝑔𝑎𝑠 ∙ 𝑝𝑚𝑒𝑑𝑖𝑢𝑚𝑝𝑡 ∙ 𝑀𝐻2𝑂𝑉𝑛𝑜𝑟𝑚 
 
Eq. 31 
 
3.3.4 Heat loss due to the environment 
The heat loss qloss to the environment was calculated by the following equation: 
𝑞𝑙𝑜𝑠𝑠 = 𝑈𝑙𝑜𝑠𝑠 ∙ 𝐴𝑙𝑜𝑠𝑠 ∙ �𝑇𝑗 − 𝑇𝑒� 
 
Eq. 32 
The parameter Uloss influences the heat transfer from the cooling water through the outer 
jacket wall to the environment. This value depends on the dimensionless numbers of Nusselt  
𝑁𝑢𝑒, Grashof 𝐺𝑟𝑒  and Prandtl 𝑃𝑟𝑒 (Som 2008; Whitaker 1976). All parameters of the 
following equations are described in Table IV. 1
𝑈𝑙𝑜𝑠𝑠
= 1
𝛼𝐽
+ 𝛿
𝜆𝑠𝑡𝑒𝑒𝑙
+ 1
𝛼𝑒
 
Eq. 33 
 
𝛼𝑒 = 𝑁𝑢𝑒 𝜆𝑒𝑑𝑏 Eq. 34  
𝑁𝑢𝑒 = 𝑐 ∙ (𝐺𝑟 ∙ 𝑃𝑟)14 Eq. 35  
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𝑃𝑟𝑒 = 𝜂𝑎𝑖𝑟 ∙ 𝑐𝑝,𝑎𝑖𝑟𝜆𝑎𝑖𝑟  Eq. 36  
𝐺𝑟𝑒 = 𝑔 ∙ 𝜌𝑎𝑖𝑟2𝜂𝑎𝑖𝑟2 �𝑑𝑡𝑜𝑡𝑎𝑙𝜋2 �3 ∙ 1𝑇𝑗 ∙ �𝑇𝑗 − 𝑇𝑒� Eq. 37  
 
Table IV Parameters for the calculation of the heat transfer from the jacket wall to the air of the 
environment αe. 
Parameter Unit Description Value 
𝛿 m thickness of the wall 0.005 
𝜆𝑠𝑡𝑒𝑒𝑙 W K
-1 m-1 
heat conductivity  
stainless steel 1.4435 a 
15 
𝑑𝑡𝑜𝑡𝑎𝑙 m outer diameter of the reactor 0.32  
𝑐 - parameter depends on Prandtl number 0.516 
𝑔 m s-2 gravitational acceleration 9.81 
𝜂𝑎𝑖𝑟 Pa s viscosity of air
 a 0.0000181 
𝜌𝑎𝑖𝑟 kg m
-3 density of air a 1.2038 
𝑐𝑝,𝑎𝑖𝑟 kJ kg-1 K-1 heat capacity of air a 1004.8 
𝜆𝑎𝑖𝑟 W K
-1 m-1 heat conductivity for air a 0.025 
𝑇𝑗 K temperature of the jacket  
𝑇𝑒 K temperature of the environment  293.15 
a Values according to (Beitz et al. 1994) 
3.3.5 Biological heat generation using the oxycaloric equivalent 
The O2- and CO2-concentrations were measured using an exhaust gas analyser (Rosemount 
NGA 2000, Emerson Process Management GmbH&Co. OHG, Haan, Germany) equipped 
with a paramagnetic analyser and an infrared analyser. The O2- consumption of the bacteria 
was determined via the oxygen transfer rate (𝑂𝑇𝑅) according to Eq. 38 (Knoll et al. 2005):  
   𝑂𝑇𝑅 = ?̇?𝐺
𝑉𝐿 ∙ 𝑉𝑚𝑜𝑙𝑎𝑟
∙ �𝑦𝑂2,𝑖𝑛 − 1 − 𝑦𝑂2,𝑖𝑛 − 𝑦𝐶𝑂2,𝑖𝑛1 − 𝑦𝑂2,𝑜𝑢𝑡 − 𝑦𝐶𝑂2,𝑜𝑢𝑡 ∙ 𝑦𝑂2,𝑜𝑢𝑡� 
 
Eq. 38 
For validating the calorimetric measurement, the well established calorespirometry was 
applied. According to Thornton (1917) and Cooney (1968) there is a close correlation 
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between the generated heat and the 𝑂𝑇𝑅 (Eq. 38). The oxycaloric equivalent for glucose 
∆𝐻𝑜𝑥 – which reflects the O2-demand and heat generation of the glucose metabolism – has a 
value of -469 kJ mol-1-O2  (Kemp 2000) which was used for the calculations in this study. 
This is applied in the following equation: 
𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 = ∆𝐻𝑜𝑥 ∙ 𝑂𝑇𝑅 Eq. 39 
 
3.4 Experimental setup  
3.4.1 Microbial strain 
Escherichia coli VH33 was used in this study. The genetic sequence for the 
phosphotransferase system (PTS) in the bacterial chromosome of this strain was deleted. The 
galactose permease (GalP), as an alternative uptake mechanism, was amplified on a genetic 
level (De Anda et al. 2006) to allow the passage of glucose across the plasma membrane. 
Consequently, this strain has a strictly reduced overflow metabolism. Even in batch 
cultivations with an initial glucose concentration of 130 g L-1 the measured acetate 
concentration in the supernatant was below 0.5 g L-1 (Knabben et al. 2010b). For this reason 
E. coli VH33 was chosen for the experiments presented in this publication. 
3.4.2 Media 
For the first preculture, TB medium (Terrific Broth) was used. It contained, in  
g L-1: yeast extract (ROTH, Germany), 24; peptone from casein (ROTH, Germany), 12; 
KH2PO4, 4.72; K2HPO4, 11.36; glucose, 10. For the second preculture, PAN-SF medium was 
used. It contained, in g L-1: glucose, 20; KH2PO4, 8.66; K2HPO4, 23.74; triNa-citrate·2H2O, 1; 
ZnCl2, 0.1; FeSO4·7H2O, 0.15; (NH4)2SO4, 5; CaCl2·2H2O, 0.02; MgSO4·7H2O, 0.3; PAN 
trace element solution, 1 mL L-1; thiamine solution, 1 mL L-1. For the main culture, media 
PAN-F medium was used. It contained, in gL-1: KH2PO4, 15; triNa-citrate·2H2O, 1.5; ZnCl2, 
0.1; FeSO4·7H2O, 0.15; (NH4)2SO4, 5; CaCl2·2H2O, 0.02; MgSO4·7H2O, 3, glucose, 100 and 
4.5 mL L-1 of PAN trace element solution. The PAN trace element solution contained, in  
g L-1: Al2(SO4)3·18H2O, 2; CoSO4·6H2O, 0.75; CuSO4·5H2O, 2.5; H3BO3, 0.5; MnSO4·H2O, 
24; Na2MoO2·2H2O, 3; NiSO4·3H2O, 2.5; ZnSO4·7H2O, 15. The thiamine solution contained: 
thiamine-HCl 0.036 g L-1; H2SO4 (30% (v/v)), 2 mL L-1. 
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3.4.3 Culture 
The organism was stored in complex medium (TB) with 33% (v/v) glycerol at -80°C prior to 
two preculture steps and subsequent inoculation of the main culture in the bioreactor. All 
precultures were run in 1000 mL Erlenmeyer shake flasks at shaking frequencies of 300 rpm, 
a filling volume of 100 mL and 50 mm shaking diameter at 37°C. The applied media and 
shaking conditions were first investigated by using a Respiration Activity MOnitoring System 
(RAMOS) (Anderlei et al. 2004) equipped with 250 mL RAMOS shake flasks. Thereby 
depletion of the carbon source and oxygen limitation over the entire preculture time could be 
avoided and a viable broth for inoculating the main culture was ensured. Thereafter, the 
shaking conditions (filling volume, shaking frequency and diameter) were converted from the 
250 mL to the 1000 mL shake flask scale (Maier et al. 2004). Associated data generated with 
the RAMOS device are not shown here. 
Before starting the experiment, the reactor was in situ sterilized with 121°C and 1 bar 
overpressure for 21 minutes. The pH value of 7 was adjusted using NH4OH (25% v/v). The 
cultivation temperature 𝑇𝑟 was 37°C. To avoid foam, the silicon based antifoam Plurafac 
LF1300 (BASF, Germany) was used. 
3.4.4 Data acquisition and calculations  
The online measured parameters, that means stirring rate n, temperatures (Tin, Tout and Tr), 
torque M, gas concentrations O2 and CO2, gas flow rate ?̇?𝑔𝑎𝑠, dissolved oxygen tension pO2, 
pH, weight of added NH4OH, the mass flow of the cooling liquid ?̇? and overpressure p were 
acquired and stored every 10 s by an in house made Labview® program. All calculations of 
this work are based on the raw data of the online measured parameters and were executed in 
MATLAB R2010b®. The initial filling volume of the reactor was 27 L which increased due 
to the pH control with NH4OH-solution. The added volume was considered by measuring the 
weight. The impact of volume changes due to sampling (in total less than 0.05% of the filling 
volume) was neglected.  Every third hour samples for offline analysis were taken to determine 
CDW, glucose and organic acids as well as the viscosity ηR and density ρR of the fermentation 
broth. After taking a sample, the sample valve was sterilized with steam. Temperature effects 
caused by the sterilisation steam were neglected and also effects by switching the calibration 
heater.  
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Table V Error estimation for the determination of UAmeasured and the calculation of UAtheoretical. 
Parameter Error equation Maximum error 
Te, Tr, Tout and Tin ∆T = ± (0.15+ 0.01·(T-25°C))%a ±0.1°C 
qcal ∆qcal = + 1% b +5 W 
UAmeasured ∆UAmeasured (Tr, Tout, Tin, qcal) ±12.9 W K-1 
?̇? ∆?̇? =  ±0.15% ± �0.2
?̇?
� ∙ 100% a ±2.45 kg h-1 
n ∆n = ± 0.3% a ±1.5 min-1 
𝜌𝑅 ∆𝜌𝑅 = ±0.1% a ±1 g L-1 
𝜂𝑅 ∆𝜂𝑅 = ±(1 + 0.001 ∙ 𝜂𝑅)% a ±0.03 mPas 
UAtheoretical ∆UAtheoretical (Tout, Tin, ?̇?, n, 𝜂𝑅 , 𝜌𝑅) ±5.4 W K-1 
 a values from manufacturer 
b validated by measuring of electrical power input 
 
 
3.5 Experimental results and discussion 
In this study, two empirical methods were used to determine the heat generation in a batch 
cultivation of E. coli VH33. These two methods 1) the heat capacity method (Eq. 9) and 2) the 
heat transfer method (Eq. 10), were compared with each other and validated using an exhaust 
gas analysis. The results of this batch cultivation are given in the following section.  
3.5.1 Biological results 
According to Figure 3-5A, E. coli VH33 started to grow at an initial cell dry weight (CDW) of 
approx. 3 g L-1 and an initial 𝑂𝑇𝑅 of approx. 2 mmol L-1 h-1. After an exponential growth 
phase, the CDW and the 𝑂𝑇𝑅 attained 42 g L-1 and 391 mmol L-1 h-1, respectively. To avoid a 
dissolved oxygen tension (DOT) lower than 30% air saturation, the overpressure in the reactor 
headspace was increased up to 3 bar. Moreover, the stirring rate and gas flow rate were 
increased stepwise up to 500 rpm and 1 vvm, respectively (see Figure 3-5C). During the 
whole fermentation, the acetate concentration was below 0.3 g L-1 and the respiratory quotient 
was approx. 1 (results not shown). Since there was no relevant overflow metabolism, the 
aforementioned oxycaloric equivalent (Eq. 38) could be applied to validate the proposed 
calorimetric methods. 
Two Ways for Designing Reactor Calorimeters 37 
 
 
3.5.2 Comparison of theoretical and measured heat transfer 
coefficient curves  
An important question was whether it suffices to just calculate the heat transfer coefficient 𝑈𝐴 
or whether it has to be continuously measured by using the calibration heater. To answer this 
question, Figure 3-5B illustrates the calculated and measured heat transfer coefficient curves 
for the E. coli batch fermentation. The calculated UAtheoretical (Eq. 11 - Eq. 21) was found to be 
351 W K-1 at t = 0 which slightly varied up to 22 h by showing a step at 361 W K-1 due to an 
increase in the stirring rate resulting in a higher αR (Eq. 13). It is important to note that the 
UAtheoretical values were regularly re-calculated during the entire course of fermentation by 
inserting new values for viscosity and density determined by regular offline sampling and the 
input of all online measured signals. In comparison to the calculated values for 𝑈𝐴𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙, 
the measured 𝑈𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 values were 370 W K
-1 and 347 W K-1 at t = 0 h and t = 24.42 h, 
respectively. 
As Figure 3-5B indicates, the theoretical and measured UA values were generally comparable 
to each other. For a system, whose fluid dynamics and transport effects are well described and 
with well-known physical properties of the fermentation broth, the determination of UA with 
the calibration heater does not seem to be necessary. The calibration heater is an instrument 
which allows the determination of UA also for systems with unknown heat exchange areas 
(due to gas hold up, foam effects and complicate geometries), as well as systems were taking 
samples (for the determination of viscosity and density) is undesirable.       
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Figure 3-5  Batch culture of E. coli VH33 in minimal medium with initial glucose concentration 
100 g L-1; (A) oxygen transfer rate (OTR) and cell dry weight; (B) measured heat 
transfer coefficient UAmeasured (Eq. 24) in comparison with the theoretical heat transfer 
coefficient UAtheoretical (Eq. 11 - Eq. 21); (C) course of stirrer speed, volumetric gas 
flow rate and overpressure; (D) mechanical power input, heat loss to the environment 
and heat loss due to water evaporation. Fermentation conditions: Tr = 37°C, VL = 27 L, 
pH = 7 ± 0.1, NH4OH (25% v/v) for pH titration, DOT exceed 30% air saturation 
during the whole fermentation time. 
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3.5.3 Validation of the two empirical calorimetric methods by 
exhaust gas analysis 
Independent of the applied calorimetric method, the other factors 𝑞𝑠𝑡𝑟, 𝑞𝑙𝑜𝑠𝑠 and 𝑞𝑒𝑣𝑎 of the 
heat balance (Eq. 26) had to be determined. By using Eq. 28, the mechanical power input 𝑞𝑠𝑡𝑟 
presented in Figure 3-5D was calculated. The power input dropped at t = 17 h due to an 
increase in the gas flow yet subsequently jumped at t = 22 h due to an increase in the stirring 
rate. The water evaporation was calculated using Eq. 31. The incremental increase results 
from the increase of overpressure and gas flow rate. Because of the almost constant room 
temperature, the heat loss due to the environment 𝑞𝑙𝑜𝑠𝑠 (Eq. 32) is approximately constant. 
The slight variation of 𝑞𝑙𝑜𝑠𝑠 is an effect caused by the calibration heater switching on and off 
every 30 min. 
The final comparison of the two empirical calorimetric methods is shown in Figure 3-7. In 
both cases, the measured biological heat generation 𝑞𝑏𝑖𝑜  was validated using the 𝑂𝑇𝑅 (Figure 
3-5A) and the oxycaloric equivalent (Eq. 38). According to Figure 3-7A, the result based on 
the heat capacity method is presented. The compared signals increased exponentially until 
24.4 h und dropped down after the glucose was depleted. Comparing the absolute values of 
biological heat generation and exhaust gas analysis (oxycaloric equivalent), it is obvious that 
they strongly deviate from each other. By assuming the correctness of the exhaust gas 
analysis, the signal of the heat generation 𝑞𝑏𝑖𝑜 (heat capacity method) is too high. This 
deviation, the off-set and the low signal quality can be attributed to the small temperature 
difference between cooling water outlet Tout and inlet Tin (Eq. 9) even in the exponential 
growth phase (Figure 3-5). The error estimation in Table IV shows that the absolute error of 
temperature difference (Tout ± 0.1°C) – (Tin ± 0.1°C) = ∆T ± 0.2°C, is larger than the measured 
temperature difference itself, especially until 14 h (Figure 3-6). The off-set can be explained 
by small deviations in the calibration curve of the three temperature probes. Although, these 
deviations are very small, the impact on the also small temperature difference Tout - Tin (Eq. 9 and Figure 3-6) is very high. This is a result of the exchange area (depending on filling 
volume, gas hold up, foam etc.: 0.29 – 0.63 m2) of a pilot scale reactor and the high mass flow 
of the cooling water (1580 kg h-1) which leads to a very short resistance time of the cooling 
water in the jacket. To enhance the signal quality, the mass flow can theoretically be reduced 
to a minimal value of 720 kg h-1 which is the lower border for turbulent flow in the cooling 
jacket.  
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Figure 3-6 Results of the temperature measurements of the reactor inside Tr, the cooling water 
inlet Tin and the outlet Tout. Fermentation conditions: 100 g L-1 glucose, Tr = 37°C,  
VL = 27 L, pH = 7 ± 0.1, NH4OH (25% v/v) for pH titration, DOT exceed 30% air 
saturation during the whole fermentation time. 
Figure 3-7B presents the result of the heat transfer method (Eq. 10). The biological heat 
generation based on the measured heat transfer coefficient 𝑈𝐴𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 (see Figure 3-5B),  as 
well as the calculated result of the exhaust gas analysis using the oxycaloric equivalent, 
increased up to approx. 52 W L-1. Both of these curves in Figure 3-7B are almost identical to 
each other. The better signal quality of this method can be explained by the larger and better 
detectable temperature difference between reactor temperature and cooling jacket (Eq. 9 and 
Figure 3-6).  
Finally, the comparison of the heat capacity method and the heat transfer method can be 
summarized in Figure 3-7C, where qbio is plotted against qbio,oxy. In an ideal case there should 
be a linear correlation between both parameters with a gain close to the value “1”. The heat 
capacity method does not fulfil these criteria. In contrast, the heat transfer method results in a 
R-square of 0.97 and a gain of 1.07. Consequently, the heat transfer method can be used to 
precisely measure the heat generation in the stirred tank reactor with a resolution of approx. 1 
W L-1.   
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Figure 3-7 Comparison and validation of the calorimetric measurement applying different 
calorimetric methods: (A) heat capacity method (Eq. 9) using the mass flow 
measurement; (B) heat transfer method (Eq. 10) based on measured heat transfer 
coefficients (see Figure 3-5B). (C) Parity plot of qbio versus qbio,oxy for the heat capacity 
and heat transfer method. Fermentation conditions: 100 g L-1 glucose, Tr = 37°C,  
VL = 27, pH = 7 ± 0.1, NH4OH (25% v/v) for pH titration, DOT exceed 30% air 
saturation during the whole fermentation time. 
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3.6 Scalability of both methods  
This section focuses on the scalability of the heat capacity and the heat transfer method based 
on the construction setup shown in Figure 3-1 and the following conditions presented in Table 
VI.  
Table VI Conditions for the scale up (based on the pressure reactor) 
Parameter Unit Description Value 
?̇?𝑚𝑎𝑥 kg h
-1 max. mass flow of cooling water 1500 
?̇?𝑚𝑖𝑛 kg h
-1 
min. mass flow of cooling water to 
ensure turbulent conditions 
800 
∆𝑇𝑚𝑎𝑥 K 
max. realizable temperature difference 
between inlet and outlet of the cooling 
jacket   
25 
∆𝑇𝑚𝑖𝑛 K 
min. detectable temperature difference 
between inlet and outlet of the cooling 
jacket   
0.1 
𝑑𝑠 m gap width of jacket 0.004  
𝑐𝑝,𝑊 J kg-1 K-1 heat capacity for watera 4179 
a Values according to (Beitz et al. 1994) 
3.6.1 Scalability of the heat transfer method 
The limit of the heat transfer method is theoretical defined by the limit of the calibration 
heater power. The heating element which was used in this thesis is also available with a power 
of 15,000 W, therefore, a calibration heater could be also realized for reactors volumes up to  
1 m3. For larger volumes the power input of the calibration heater would become unrealistic 
high. However, this value is absolutely theoretical and neglects relevant points like the 
constructive implementation of the heater and economic aspects. For this reason, the heat 
capacity method could be an alternative which is discussed in the following section.     
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3.6.2 Scalability and improvement of the heat capacity method 
3.6.2.1 Scalability 
To estimate the scalability of the heat capacity method under the conditions of Table VI it is 
important to calculate the residence time of the cooling water in the jacket in dependency of 
the reactor volume, to predict the crucial temperature difference between inlet and outlet  
(Eq. 9).  
 
According Table VI, the maximum temperature difference ΔTmax between inlet and outlet of 
the cooling jacket is based on the assumptions that the temperature of the cooling water 
supply differs between 5°C and 10°C and the cultivation temperature ranges between 30°C 
and 37°C (for all experiments in this thesis). The value for the minimum detectable 
temperature difference ΔTmin between inlet and outlet of the cooling jacket was chosen based 
on DIN IEC 751 (accuracy of Pt100). The maximum mass flow ?̇?𝑚𝑎𝑥 is the upper limit 
which can be realized by the cooling water pump of the pressure reactor (Figure 3-1). In 
contrast to this, ?̇?𝑚𝑖𝑛 reflects the minimum value for the mass flow which still ensures 
turbulent conditions assuming a gap width of 0.004 m of the jacket.  
 
 
Figure 3-8 Scheme of reactor with position of geometric parameter (see also Table VII) 
All values presented in Table VII were calculated by DIN 28011 and Kraume (2003). The 
most relevant values considering the scalability of the heat capacity method are the residence 
time tr and the volume VJ of the cooling water inside the jacket. According to Figure 3-9, 
curves of the residence time tr in dependency reactor size VR are shown for ?̇?𝑚𝑎𝑥 and ?̇?𝑚𝑖𝑛. 
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Figure 3-9 Residence time of the cooling water in the cooling jacket depending on the reactor size 
VR and mass flow    
By knowing the volume and the residence time of the cooling water in different reactor sizes, 
the calculation of the expected temperature difference ΔT between cooling water inlet and 
outlet, generated by the heat sources inside of the reactor, can be conducted (see Figure 3-10).  
Table VII Geometric parameters of stirred tank bioreactors for four different volumes (see also 
Figure 3-8) 
Parameter Unit Description Values 
𝑉𝑅 L reactor volume 
200 2000 3500 
𝐴𝑏𝑜𝑖𝑙𝑒𝑟 m
2 area of dished boiler 0.23 1.15 1.62 
𝐴𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 m2 
total heat exchange area for 
max. filling volume of 
0.66∙ 𝑉𝑅 
1.56 7.8 10.9 
𝑉𝐽 L volume of jacket 7 32 52 
𝑡𝑟 s 
residence time of cooling 
water in jacket for ?̇?𝑚𝑎𝑥 =1500 kg h-1 16.8 76.8 124.8 
𝑡𝑟 s 
residence time of cooling 
water in jacket for ?̇?𝑚𝑖𝑛 =800 kg h-1 31.5 144 234 
Two Ways for Designing Reactor Calorimeters 45 
 
 
The conditions of Table VI allow calculations for answering the following questions: 
1. Which reactor size is necessary to realize an accuracy of 0.1 W L-1 for the minimum 
mass flow ?̇?𝑚𝑖𝑛 = 800 𝑘𝑔 ℎ−1 and the maximum mass flow ?̇?𝑚𝑎𝑥 = 1500 𝑘𝑔 ℎ−1 
(Figure 3-10A)? 
2. Which reactor size is necessary to realize an accuracy of 1 W L-1 for the minimum 
mass flow ?̇?𝑚𝑖𝑛 = 800 𝑘𝑔 ℎ−1 and the maximum mass flow ?̇?𝑚𝑎𝑥 = 1500 𝑘𝑔 ℎ−1 
(Figure 3-10B)? 
 
Figure 3-10 Measurement limit of the heat capacity method (conditions of Table VI). (A) To 
ensure an accuracy of 0.1 W L-1 a reactor size of 2500 L (?̇?𝑚𝑎𝑥 = 1500 𝑘𝑔 ℎ−1) and 
1330 L  (?̇?𝑚𝑖𝑛 = 800 𝑘𝑔 ℎ−1) would be necessary. (B)  To ensure an accuracy of  
1 W L-1 a reactor size of 250 L (?̇?𝑚𝑎𝑥 = 1500 𝑘𝑔 ℎ−1) and 133 L (?̇?𝑚𝑖𝑛 =800 𝑘𝑔 ℎ−1) would be necessary. 
3.6.2.2 Improvement of the heat capacity method 
To increase the accuracy of the current setup (Figure 3-1 and Figure 3-11A) the positions of 
the probes in the cooling water cycle have to be modified. The modifications are illustrated in 
Figure 3-11B and are based on the reposition of the temperature probes (Tout becomes Twaste, 
Tin become Tfresh) and the mass flow measurement. Consequently, the temperature difference 
between Tfresh and Twaste  (Tfresh  ≈ 6°C, Twaste ≤ Tr), would be a hundred times larger than the 
difference between Tin and Tout (Figure 3-11A), Therefore, the influence of the Pt100 
measurement errors (Table V) and small deviations between the calibration curves of the 
Pt100 would be very small and the heat capacity method would become markedly more 
accurate.  
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Figure 3-11 Two ways to realize the heat capacity method: (A) current setup (see also Figure 3-1); 
(B) modified setup to increase the accuracy.  
The mass flow measurement of the modified cooling cycle (Figure 3-11B) would be replaced 
in the waste water stream. To realize this modification the valves of reactor system have to 
work continuously to ensure a continuous waste water flow. Under experimental conditions, 
the mass flow of the waste water stream would increase due to the increasing heat generation 
of the microorganisms in a range from 30 kg h-1 (at the beginning of a fermentation) until 260 
kg h-1 (high cell density with a heat generation of 4200 W).  
 
3.7 Conclusions 
To monitor biological reactions, there are two means to measure heat generation in a 
conventional stirred tank reactor. The first method, the “heat capacity” method, is based on 
measuring the mass flow of the cooling liquid in the jacket and the temperature differences 
between jacket inlet and outlet. The second method, the “heat transfer” method, is based on 
the assessment of the varying heat transfer coefficient 𝑈𝐴 and the temperature difference 
between cooling jacket and fermentation broth. Hitherto, these methods have not been 
compared to another nor validated. The current study shows for the first time such a 
comparison and validation. Hereby, the latter method, i.e., the heat transfer method, has been 
proven to have the higher degree of validity. The physical properties (i.e. viscosity) of the 
fermentation broth should have no impact on the determination of UA as long as there are 
turbulent conditions in the reactor interior. The application of the calibration heater in cases of 
high cell densities should also be possible. The turbulent flow of the fermentation broth 
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ensures a very short residence time (< 0.12 s) of the organisms near by the heater. Thus, to 
measure the heat generation from fermentations in stirred tank reactors at pilot-scale the heat 
transfer method is superior technique.  
Even though the results are based on a pilot-scale, the heat transfer method is well suited for 
scale up. The calibration heater for measuring the heat transfer coefficient UA is easy and 
inexpensive to build and the heating element is available up to 15,000 W. A limit for the heat 
transfer method could be the large scale with volumes over 1 m3. In this case the power input 
of the calibration heater would become unrealistic high. For these reactors the heat capacity 
method seems to be the only practical way to realize calorimetric measurements, but the 
signal quality at this scale still needs further investigations.        
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4 Application of the Reactor Calorimeter for 
Monitoring Biological Processes 
4.1 Introduction 
It is crucial for control of bioprocesses to monitor biochemical parameters and to develop new 
noninvasive online measuring techniques (Locher et al. 1992; von Stockar et al. 2003). There 
are already classical ways for measuring parameters such as pH and dissolved oxygen that 
provide essential and very general information about the running process. Therefore, other 
techniques have been developed to provide more detailed information, e.g. exhaust gas 
analysis which allows additional conclusions about the kind of metabolic activity (e.g. 
respiratory quotient) (Anderlei et al. 2004; Erickson et al. 1978; Gjerkes et al. 2011) or 
impedance measurement for online determination of viable biomass (Knabben et al. 2010a; 
Knabben et al. 2011; Maskow et al. 2008). For online detection of product formation, 
however, the particular strategy taken depends on the specific product. Therefore, special 
sensors for single products (like ethanol (Cavinato et al. 1990)) and the RQ (if the mass 
balance of the process is known), as well as optical methods for fluorescing products (Hess et 
al. 2002; Kensy et al. 2009) were developed.  
Calorimetry represents an additional method for online monitoring and controlling of 
processes in stirred tank reactors (Larsson et al. 1991; Marison and von Stockar 1988). 
Regarding the general measuring concept, there are two ways to realize noninvasive 
calorimetric measurements in pilot-scale and large-scale bioreactors (Chapter 3). The first one 
is based on the determination of the heat transfer coefficient 𝑈𝐴 and the temperature 
difference between the inside of the reactor and the representative cooling liquid in the reactor 
jacket (Eq. 10, (Voisard et al. 2002a)). The second method is based on the determination of 
the mass flow of the cooling liquid and the temperature difference between inlet and outlet of 
the reactor jacket (Eq. 9, (Biener et al. 2010)). The potential of calorimetry for general 
monitoring of aerobic processes was reported by several authors (Anderson et al. 2002; 
Biener et al. 2010; Birou et al. 1987; Tuerker 2004; Voisard et al. 2002b). In contrast to other 
techniques, calorimetric signals also enable monitoring of anaerobic processes (Albers et al. 
2002; Gnaiger and Kemp 1990) or biochemical experiments without any relevant gas flow, 
i.e. in biofilms (Buchholz et al. 2010).  
Application of the Reactor Calorimeter for Monitoring Biological Processes 49 
 
 
Even though calorimetry has been used in the aforementioned biochemical processes for 
decades, it has only been applied for detection of product formation in the specifically cases 
of ethanol (Grosz et al. 1984; van Kleeff et al. 1998; von Stockar et al. 2006), ectoin (Maskow 
and Babel 2002) and poly-3-hydroxybutyrate (PHB) formation (Maskow and Babel 2000) in 
small-scale.  
Thus, the aim of this thesis is to demonstrate a calorimetric method for online detection of 
microbial lysine formation in a pilot-scale stirred tank reactor. Since  Corynebacterium 
glutamicum DM1730 is a well-known lysine forming bacteria (de Graaf et al. 2001; Eggeling 
et al. 1998; Kalinowski et al. 2003; Knoll et al. 2007; Weuster-Botz et al. 1997), it was 
compared with the (nearly) non-lysine forming wild-type strain ATCC 13032 of this 
bacterium. As there is a great global demand for lysine of approx. 750,000 tonnes annually 
(Wittmann and Becker 2007), the noninvasive online detection of lysine formation is 
industrially relevant. The calorimetric method was also applied to the itaconic acid forming 
fungus Ustilago maydis MB 215. Being named as one of the most promising building block 
for future applications (Werpy and Petersen 2004), itaconic acid can also be converted to the 
potential third generation biofuel 3-MTHF (Geilen et al. 2010).  
 
4.2 Material and methods 
4.2.1 Microbial strains 
The following two strains were used: Corynebacterium glutamicum ATCC 13032 is a wild-
type strain with a well-known metabolism and genome (Kalinowski et al. 2003); 
Corynebacterium glutamicum DM1730 is a recombinant strain derived from ATCC 13032 
containing the mutations described in Ohnishi et al. (2002). This strain, with an increased 
lysine formation (Georgi et al. 2005), was developed at Evonic AG, Germany. 
One experiment in this thesis was performed with the fungi Ustilago maydis MB 215 which 
was kindly provided by Michael Bölker, Philips-Marbug Universität. It is available at the 
German Collection of Microorganisms and Cell Cultures under accession number DSM17144 
(MB215). 
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4.2.2 Media 
Corynebacterium glutamicum 
The complex medium for the first preculture contained in g L-1: yeast extract (ROTH, 
Germany), 10; peptone from casein (ROTH, Germany), 10; MgSO4·7H2O, 0.25; NaCl, 2.5; 
glucose, 20. For the second preculture, the medium contained in g L-1 (Bäumchen et al. 2007): 
K2HPO4, 2; KH2PO4, 1; MgSO4·7H2O, 0.25; (NH4)2SO4, 10; ZnSO4·7H2O, 0.001; 
FeSO4·7H2O, 0.01; MnSO4·H2O, 0.01; CuSO4, 0.0002; NiCl2·6H2O, 0.0002; CaCl2·2H2O, 
0.01; biotin 0.00002; 3,4-dihydroxybenzoic acid (protocatechuate), 0.03; MOPS, 21; glucose, 
20. The medium for the main culture contained in g L-1(Knoll et al. 2007): K2HPO4, 39.75; 
KH2PO4, 19.75; MgSO4·7H2O, 6.67; (NH4)2SO4, 10; ZnSO4·7H2O, 0.0027; FeSO4·7H2O, 
0.53; MnSO4·H2O, 0.27; CuSO4, 0.0053; NiCl2·6H2O, 0.0005; CaCl2·2H2O, 0.27; biotin 
0.0005; 3,4-dihydroxybenzoic acid (protocatechuate), 8; glucose, 30. The feed solution 
contained 650 g L-1 glucose. 
Ustilago maydis 
For both precultures and main cultures, Tabuchi medium (Guevarra and Tabuchi 1990) was 
used which consists of 120 g L-1 glucose, 1.6 g L-1 NH4Cl, 0.5 g L-1 KH2PO4, 0.2 g L-1 
MgSO4·7H2O, 1 g L-1 yeast extract (Roth, Karlsruhe, Germany) and 10 mg L-1 FeSO4·7H2O. 
The medium was buffered 10 with 33 g L-1 lime (CaCO3) (Roth, Karlsruhe, Germany). 
4.2.3 Culture 
The organisms were stored in Terrific Broth medium with 33% (v/v) glycerol at 
-80°C prior to two preculture steps and subsequent inoculation of the main culture in  
the bioreactor. All precultures were run in 1000 mL Erlenmeyer shake flasks at shaking 
frequencies of 300 rpm, a filling volume of 100 mL and 50 mm shaking diameter at 30°C. 
Before the experiment was commenced, the reactor was sterilized in situ with 121°C and  
1 bar overpressure for 20 min.  
Corynebacterium glutamicum 
The pH value was controlled using NH4OH (25% v/v and 12.5% v/v). For avoiding foam 
formation the silicon based antifoam Plurafac LF1300 (BASF, Ludwigshafen, Germany) was 
used. To maintain a dissolved oxygen tension (DOT) of above 30% air saturation, the stirring 
rate, gas flow rate and the headspace pressure were increased stepwise. At the beginning of all 
experiments a gas flow rate of 0.2 vvm was chosen to prevent any adverse growth effects via 
stripping CO2 (Bäumchen et al. 2007). 
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After glucose was depleted (indicated by a sharp decrease in the heat generation signal), the 
glucose-feed was either discontinuously pulsed to increase the glucose concentration up to  
30 g L-1 or continuous fed-batch cultivation was started. To obtain a constant growth of  
C. glutamicum during fed-batch under carbon limitation, here, an exponential feeding rate was 
applied. This feeding rate was calculated by the following equation (Knabben et al. 2010a). 
𝐹 = � 𝜇𝑠𝑒𝑡
𝑌𝑋/𝐺𝑙𝑢 + 𝑚𝑆� 𝑐𝑋𝐹𝑉𝐿𝐹𝑐𝑆𝐹 𝑒𝜇𝑠𝑒𝑡(𝑡−𝑡𝐹)  Eq. 40 
 
Ustilago maydis 
The pH value was controlled using 5 M NaOH. For avoiding foam formation the silicon based 
antifoam Plurafac LF1300 (BASF, Ludwigshafen, Germany) was used. To maintain a 
dissolved oxygen tension (DOT) of above 30% air saturation, the gas flow rate was increased 
stepwise. 
 
4.2.4 Analytics  
To quantify glucose and other organic compounds, all samples were centrifuged (14,000× 
RFC, 10 min, Sigma 1-15 microcentrifuge, Sartorius, Germany). The respective supernatant 
was analyzed by High Performance Liquid Chromatography (HPLC) (Dionex, Sunnyvale, 
USA) using an Organic Acid-Resin 250 x 8 mm (CS-Chromatographie, Langerwehe, 
Germany) column and a Skodex RI-71 detector. As eluent, 5 mM H2SO4, with a flow rate of 
0.6 mL min-1 was used. The separation temperature was 60°C. 
Amino acid analysis was conducted by reversed phase HPLC (SIL-10AF, Shimadzu, 
Duisburg, Germany). Prior to this analysis, samples were thoroughly pretreated. Following 
centrifugation (10 min, 14000 rpm), a sterile filtration step (Spin-X centrifuge filters, 0.22 µm 
cellulose acetate membrane, Costar Corning, Amsterdam, Netherlands) was included before 
ultrafiltration (VWR centrifugal filters, modified PES 3K membrane, VWR, Langenfeld, 
Germany) was performed with the supernatant to remove any proteins. Afterwards, a solid 
phase extraction was carried out using BondElut columns (CS Chromatographie Service 
GmbH, Langerwehe, Germany). The derivatization was performed using o-phthaldialdehyde 
(OPA). For this purpose, 10 mg OPA were dissolved in 0.2 mL methanol; 1.8 mL of 
potassium tetraburate buffer (pH 9.5) and 10 µL of mercaptopropionic acid were added to the 
dissolved OPA. This solution was then further diluted by adding 8 mL of potassium 
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tetraburate buffer (pH 9.5). Subsequently the auto-sampler added 200 µL of sample to 200 µL 
of OPA reagent. After mixing, 1 µL sample volume was injected onto the column (Nucleodur 
c18, Macherey-Nagel, Düren, Germany). The PO43−-concentration in the supernatant was 
measured using a Nova Spectroquant 60 (Merck, Darmstadt, Germany). 
 
4.2.5 Calorimetric measurement 
All experiments depicted in this study were executed in a 50 L stirrer tank bioreactor (LP351, 
Bioengineering AG, Wald, Switzerland) described in detail in several publications (Knabben 
et al. 2010a; Knabben et al. 2010b; Knoll et al. 2007; Maier et al. 2001). The reactor system 
was modified to enable the measurements of the dissipated heat qj, by determining the heat 
transfer coefficient 𝑈𝐴 between fermentation broth and cooling liquid (Eq. 41). This method 
and the determination of 𝑞𝑠𝑡𝑟, 𝑞𝑙𝑜𝑠𝑠, 𝑞𝑁𝐻3  and 𝑞𝑒𝑣𝑎 is described in detail in Chapter 3. 
𝑞𝑗 = 𝑞𝑏𝑖𝑜 + 𝑞𝑠𝑡𝑟 − 𝑞𝑙𝑜𝑠𝑠 − 𝑞𝑒𝑣𝑎 − 𝑞𝑁𝐻3 = 𝑈𝐴 ∙ ∆𝑇 Eq. 41 
 
4.3 Thermodynamic balances of product forming 
fermentations 
In this thesis, the heat generation of the fermentation was compared with the oxygen 
consumption (Grosz et al. 1984; Hansen et al. 2004; van Kleeff et al. 1998; Volesky et al. 
1982). By assuming Thornton’s rule (Thornton 1917), the enthalpy of combustion of organic 
compounds is linearly correlated to the relative degree of reduction (Thornton's rule: -115 kJ 
per mole accepted electrons). Since four moles of electrons are absorbed by one mole oxygen, 
a nearly constant value results for the oxygen-related enthalpy ∆𝐻𝑜𝑥 of about -460 kJ mol
-1 
(Cooney et al. 1968). For growing bacteria on glucose a ∆𝐻𝑜𝑥 value of -469 kJ mol
-1 was 
empirically determined by Kemp (2000). Therefore, it is possible to estimate the heat 
generation based on the oxygen transfer rate (𝑂𝑇𝑅) using the following equation: 
𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 = ∆𝐻𝑜𝑥 ∙ 𝑂𝑇𝑅 Eq. 42 
The ratio between the directly measured heat generation 𝑞𝑏𝑖𝑜 and calculated value from the 
𝑂𝑇𝑅, 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 can differ due to deviations from Thornton’s rule depending on the substrate, 
the biomass composition, the product formation or overflow metabolism.  
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4.3.1 Balances of C. glutamicum cultures 
Figure 4-1 illustrates the ratio between 𝑞𝑏𝑖𝑜 and 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 for cultures of C. glutamicum 
DM1730 depending on the lysine and biomass formation. 
 
Figure 4-1 Calculated ratios of qbio,oxy and qbio for cultures of C. glutamicum depending on the 
yields of lysine and biomass formation. 
The calculated ratios shown in Figure 4-1 are based on Eq. 46 - Eq. 50 and values of Table 
VIII - Table X. For the pure combustion of glucose, the ratio has a value of 1. Depending on 
the biomass composition, the ratio for pure biomass formation on glucose is approx. 1.05. As 
presented in Figure 4-1, the ratio increases with increasing lysine yield up to 1.55 for 
(theoretical) pure lysine formation.      
Table VIII Characteristic values of components i (Domalski 1972) 
i 
Combustion 
enthalpy (Hi) 
[kJ mol-1] 
Mi iC iH iN iO 
Glucose (Glu) -2814 180 6 12 - 6 
Glutamate -2247 147 5 9 1 4 
Lysine (Lys) -3685.64 146 6 14 2 2 
NH3 -348.2 17 - 3 1 - 
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Table IX Mass fractions (g g-1) of C, H, O, N, S, P and ash of C. glutamicum DM1730 and 
ATCC 13032 analyzed by Jülich Research Center, Germany * 
 fC fH fO fN fS fash 
C. glut. DM1730 0.402 0.0612 0.34 0.0852 <0.002 0.089 
C. glut. ATCC 13032 0.425 0.0609 0.351 0.0879 0.0045 0.035 
* analyzed by Jülich Research Center, Germany 
Table X Elementary composition and molar weight of C. glutamicum ATCC 13032 and 
DM1730 
 𝑋𝐶  𝑋𝐻  𝑋𝑂  𝑋𝑁  𝑋𝑆  
𝑀𝑋 
[g mol-1] 
𝑀𝑋,𝑎𝑠ℎ−𝑓𝑟𝑒𝑒 
[g mol-1] 
𝛾𝑋 
𝐻𝑋 
[kJ mol-1] 
DM1730 1 1.83 0.63 0.18 NaN 29.9 27.2 4.57 -525 
ATCC 13032 1 1.72 0.62 0.18 NaN 28.2 26.1 4.48 -514 
 
The molar weight 𝑀𝑋 was calculated by    Eq. 43 from Duboc et al. (1995). 
𝑀𝑋 = 𝑀𝑋,𝑎𝑠ℎ−𝑓𝑟𝑒𝑒(1 − 𝑓𝑎𝑠ℎ)     Eq. 43 
 
The degree of reduction 𝛾X and the heat of combustion 𝐻𝑋 were calculated by the following 
equations (based on Thornton’s rule) from Sandler and Orbey (1991) and the elemental 
composition presented in Table X. 
𝛾𝑋 = 4𝐶 + 𝐻 − 2𝑂 Eq. 44 
𝐻𝑋 = −115 ∙ 𝛾𝑋 Eq. 45 
 
The biomass and lysine formation can be described by the following mass and energy 
balances. Based on the combustion enthalpies 𝛥𝐶HGlu, Δ𝐶𝐻𝑁𝐻3, 𝛥𝐶HLys, the reaction heat Q, 
the molar amounts 𝜈𝐺𝑙𝑢, 𝜈𝑁𝐻3 , 𝜈𝐿𝑦𝑠, 𝜈𝑋 , 𝜈𝐻2𝑂 , 𝜈𝐶𝑂2 , 𝜈𝑂 and the numbers of C, N, O, H per 
biomass (X), ammonia (NH3), glucose (Glu) and lysine (Lys), following equations can be 
formulated (Eq. 46 - Eq. 50). All characteristic values for biomass, ammonia, glucose and 
lysine are presented in Table VIII-Table X. 
Balances of enthalpy (under the condition of p = const.  𝑄 = ∆𝐻𝑅) 
𝜈𝐺𝑙𝑢 ∙ Δ𝑐𝐻𝐺𝑙𝑢  +  𝜈𝑁𝐻3 ∙ Δ𝑐𝐻𝑁𝐻3 𝜈𝐿𝑦𝑠 ∙ Δ𝑐𝐻𝐿𝑦𝑠  + 𝜈𝑋 ∙ Δ𝑐𝐻𝑋+. . . 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + ∆𝐻𝑅 Eq. 46 
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𝜈𝑁𝐻3 = 𝜈𝑋 ∙ 𝑋𝑁 +  𝜈𝐿𝑦𝑠  ∙ 𝐿𝑦𝑠𝑁 Eq. 47 
𝜈𝐻2𝑂 = 𝜈𝐺𝑙𝑢 ∙ 𝐺𝑙𝑢𝐻2 + 𝜈𝑁𝐻3 ∙ 32 − 𝜈𝑋 ∙ 𝑋𝐻2 − 𝜈𝐿𝑦𝑠 ∙ 𝐿𝑦𝑠𝐻2  Eq. 48 
𝜈𝐶𝑂2 = 𝜈𝐺𝑙𝑢 ∙ 𝐺𝑙𝑢𝐶 − 𝜈𝑋 ∙ 𝑋𝐶 −  𝜈𝐿𝑦𝑠 ∙ 𝐿𝑦𝑠𝐶 Eq. 49 
 
𝜈𝑂 = 𝜈𝐿𝑦𝑠 ∙ 𝐿𝑦𝑠𝑂 + 2 ∙ 𝜈𝐶𝑂2 + 𝜈𝐻2𝑂 ∙ 𝐻2𝑂𝑂 − 𝜈𝐺𝑙𝑢 ∙ 𝐺𝑙𝑢𝑂 + 𝜈𝑋 ∙ 𝑋𝑂 Eq. 50  
Based on these equations and the integrated values of the online signals for oxygen 
consumption and heat generation, the yield coefficients for lysine 𝑌𝐿𝑦𝑠/𝐺𝑙𝑢 and biomass 𝑌𝑋/𝐺𝑙𝑢 
can be calculated by the following equations.  
 
4.3.2 Balances of U. maydis cultures 
Figure 4-2 illustrates the ratio between 𝑞𝑏𝑖𝑜 and 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 for cultivations of U. maydis 
depending on the itaconic acid and biomass formation. 
 
Figure 4-2 Calculated ratios of qbio,oxy and qbio for cultures of U. maydis depending on the yields of 
itaconic acid and biomass formation. 
The calculated ratios shown in Figure 4-2 are based on Eq. 51 - Eq. 55 and values of Table XI 
- Table XIII. For the pure combustion of glucose, the ratio has a value of 1. Depending on the 
biomass composition, the ratio for pure biomass formation on glucose is approx. 1.05. As 
presented in Figure 4-2, the ratio increases with increasing itaconic acid yield up to 1.47 for 
(theoretical) pure itaconic acid formation.    
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Table XI Characteristic values of components i (Domalski 1972) 
i 
Combustion 
enthalpy (Hi) 
[kJ mol-1] 
Mi iC iH iN iO 
Glucose (Glu) -2814 180 6 12 - 6 
Itaconic acid (IA) -1978 130 5 6 - 4 
NH3 -348.2 17 - 3 1 - 
 
Table XII Mass fractions (g g-1) of C, H, O, N, S and ash of U. maydis under unlimited 
conditions and under ammonium limitation* 
 fC fH fO fN fS fash 
U. maydis unlimited 
conditions 
0.481 0.0704 0.349 0.0363 - 0.0633 
U. maydis ammonium 
limited 
0.451 0.0641 0.375 0.0535 - 0.0564 
* analyzed by Jülich Research Center, Germany 
The molar weight 𝑀𝑋, the degree of reduction 𝛾X and the heat of combustion 𝐻𝑋 were 
calculated by   Eq. 43 - Eq. 45. 
Table XIII Elementary composition and molar weight of U. maydis under unlimited conditions 
and under ammonium limitation 
 𝑋𝐶  𝑋𝐻  𝑋𝑂  𝑋𝑁  
𝑀𝑋 
[g mol-1] 
𝑀𝑋,𝑎𝑠ℎ−𝑓𝑟𝑒𝑒 
[g mol-1] 
𝛾𝑋 
𝐻𝑋 
[kJ mol-1] 
U. maydis unlimited 
conditions 
1 1.71 0.62 0.1 26.61 25.1 4.57 -514 
U. maydis 
ammonium limited 
1 1.76 0.54 0.065 24.94 23.4 4.48 -536 
 
The biomass and itaconic acid formation can be described by the following mass and energy 
balances. Based on the combustion enthalpies 𝛥𝐶HGlu, 𝛥𝐶𝐻𝑁𝐻3, 𝛥𝐶HIA, the reaction heat Q, the 
molar amounts 𝜈𝐺𝑙𝑢, 𝜈𝑁𝐻3 , 𝜈𝐼𝐴, 𝜈𝑋 , 𝜈𝐻2𝑂 , 𝜈𝐶𝑂2 , 𝜈𝑂 and the numbers of C, N, O, H per biomass 
(X), ammonia (NH3), glucose (Glu) and itaconic acid (IA), following equations can be 
formulated (Eq. 51 - Eq. 55). All characteristic values for glucose, ammonia, itaconic acid and 
biomass are presented in Table XI - Table XIII. 
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Balances of enthalpy (under the condition of p = const.  𝑄 = ∆𝐻𝑅) 
𝜈𝐺𝑙𝑢 ∙ Δ𝑐𝐻𝐺𝑙𝑢  + 𝜈𝑁𝐻3 ∙ Δ𝑐𝐻𝑁𝐻3 𝜈𝐼𝐴 ∙ Δ𝑐𝐻𝐼𝐴  + 𝜈𝑋 ∙ Δ𝑐𝐻𝑋+. . . 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + ∆𝐻𝑅 Eq. 51 
𝜈𝑁𝐻3 = 𝜈𝑋 ∙ 𝑋𝑁 Eq. 52 
𝜈𝐻2𝑂 = 𝜈𝐺𝑙𝑢 ∙ 𝐺𝑙𝑢𝐻2 + 𝜈𝑁𝐻3 ∙ 32 − 𝜈𝑋 ∙ 𝑋𝐻2 − 𝜈𝐼𝐴 ∙ 𝐼𝐴𝐻2  Eq. 53 
𝜈𝐶𝑂2 = 𝜈𝐺𝑙𝑢 ∙ 𝐺𝑙𝑢𝐶 − 𝜈𝑋 ∙ 𝑋𝐶 −  𝜈𝐼𝐴 ∙ 𝐼𝐴𝐶 Eq. 54 
𝜈𝑂 = 𝜈𝐼𝐴 ∙ 𝐼𝐴𝑂 + 2 ∙ 𝜈𝐶𝑂2 + 𝜈𝐻2𝑂 ∙ 𝐻2𝑂𝑂 − 𝜈𝐺𝑙𝑢 ∙ 𝐺𝑙𝑢𝑂 + 𝜈𝑋 ∙ 𝑋𝑂 Eq. 55 
Based on these equations and the integrated values of the online signals for oxygen 
consumption and heat generation, the yield coefficients for itaconic acid 𝑌𝐼𝐴/𝐺𝑙𝑢 and biomass 
𝑌𝑋/𝐺𝑙𝑢 can be calculated.  
 
4.4 Experimental results and discussion 
4.4.1 Batch cultures of the itaconic acid forming Ustilago 
maydis 
This section focuses on the batch culture of the itaconic acid forming fungus U. maydis and 
was performed with the main objective to produce fermentation broth for downstream 
investigations of itaconic acid. Therefore, the process conditions were planned for a low 
biomass formation at the beginning and a high itaconic concentration at the end. 
Consequently, the biological heat generation of this process was also very low (< 5 W L-1).  
According to Figure 4-3A the OTR curve increases up to 0.02 mol L-1 h-1 at 13 h and slightly 
deceases until the end of the cultivation down to 0.008 mol L-1 h-1(150 h). This result is a 
consequence of the ammonium depletion at 13 h. The biomass formation nearly stops at this 
time point and the itaconic acid formation starts (Figure 4-3D). Figure 4-3B illustrates all non-
biological heat sources and sinks as well as the heat transfer coefficient UA of this process. 
The volumetric power input qstr slightly decreased due to the increasing gas flow rate. The 
heat power generated by the addition of NaOH qNaOH increased up to 0.2 W L-1 until 24 h 
because of the formation of biomass and itaconic acid and slightly decreased with the 
decreasing (itaconic) acid forming rate. The heat loss to the environment qloss and the heat 
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transfer coefficient UA were nearly constant with values of approx. 0.6 W L-1 and 312 W K-1, 
respectively.  
The comparison between qbio and qbio,oxy is shown in Figure 4-3C. Until the ammonium 
depletion at 13 h, both curves are nearly identical. However, at the beginning of the 
fermentation, the measured values are too small (< 1 W L-1) to calculate a significant ratio 
(Figure 4-4D). As Figure 4-3C and Figure 4-4D show, qbio becomes larger than qbio,oxy after 
the depletion of ammonia (13 h). The increasing ratio indicates the formation of byproducts, 
i.e. itaconic acid (Figure 4-2).  This result was proven by offline measured samples presented 
in Figure 4-3D. 
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Figure 4-3 Batch culture of U. maydis with initial glucose concentration of 180 g L-1: (A) Curves of 
OTR and gas flow, (B) Courses of water evaporation, mechanical power input by the 
stirrer, heat loss to the environment and the heat transfer coefficient UA during the 
fermentation. (C) Comparison of the biological heat generation with the exhaust gas 
analysis recalculated by the oxycaloric equivalent. Offline measured samples of glucose, 
CDW and itaconic acid presented in (D). Fermentation conditions: Tr = 30°C, n = 400 
rpm, pH = 6, DOT > 30%, VL = 25 L. 
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Figure 4-4A shows the yield coefficients for the biomass and itaconic acid formation. It is 
obvious that the biomass formation rate decreases over the fermentation time due to the 
depletion of ammonia. The itaconic acid formation increases until approx. 75 h and decreases 
after this time point because of unknown reasons (may be decreasing vitality of the biomass, 
formation of other products etc.). 
The illustration of the enthalpy balance (Eq. 51, Figure 4-4B), as well as the mass balances for 
O2 (Eq. 55, Figure 4-4C) and CO2 (Eq. 54, Figure 4-4C) depict leeks because of unknown 
product formations. 
 
Figure 4-4 (A) Yield coefficients of itaconic acid and biomass formation of U. maydis; (B) 
Comparison of offline and online determined values for (B) heat (Eq. 51), (C) CO2 (Eq. 
54) and O2 (Eq. 55), (D) ratio between qbio and qbio,oxy (see also Figure 4-2). Fermentation 
conditions: Tr = 30°C, n = 400 rpm, pH = 6, DOT > 30%, VL = 25 L. 
One hint for clarifying the leeks of the mass and heat balances were given by the examination 
of the fermentation broth under the microscope at different time points (Figure 4-5). The 
comparison between Figure 4-5A and B shows clearly differences in the morphology of the 
cells. Photography A was taken at 5 h before the depletion of ammonium. In contrast are the 
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cells depicted in photography B which was taken at 140 h long after the depletion of 
ammonium. The cells are wider and darker due to the storage of lipids in the inside. 
The results of the batch culture with U. maydis demonstrate that the itaconic acid formation 
can be qualitatively detected using the ratio between qbio and qbio,oxy (Figure 4-3C, D and 
Figure 4-4D). However, Figure 4-4B-D shows that online and offline determined values differ 
especially after 90 h. This difference can be attributed to the formation of other (unknown) 
products which anticipate the quantify determination of itaconic acid formation using 
calorespitometry.    
 
4.4.2 Cultures of the lysine forming Corynebacterium 
glutamicum 
In this thesis, the online detection of lysine formation based on calorespirometry is shown for 
fermentations of C. glutamicum in a 50 L stirred tank reactor. To illustrate how the lysine 
formation affects the heat signal, two different strains of C. glutamicum were cultivated.  
4.4.2.1 C. glutamicum  ATCC 13032 vs. C. glutamicum  DM1730 
As reference fermentation yielding no relevant lysine formation (< 0.1 g L-1), the wild-type 
strain C. glutamicum ATCC 13032 was cultivated under batch conditions with an additional 
glucose pulse of 30 g L-1 after 10 h (Figure 4-6A-D). According to Figure 4-6A the OTR 
increases up to approx. 0.2 mol L-1 h-1 and plummets at 12.5 h due to glucose depletion. For 
calculating the biological heat generation qbio (Eq. 41) the heat sources and sinks 𝑞𝑁𝐻3, 𝑞𝑠𝑡𝑟, 
Figure 4-5 (A) U. maydis after 5 h fermentations time (before depletion of ammonia)  
(B) U. maydis with lipid bodies after 140 h fermentations time (after depletion of 
ammonia) 
A B 
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𝑞𝑙𝑜𝑠𝑠 and 𝑞𝑒𝑣𝑎 as well as the heat transfer coefficient UA were measured as shown in Figure 
4-6B. Figure 4-6C illustrates the results of the exhaust gas analysis 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 (Eq. 42) as 
compared with the measured heat generation 𝑞𝑏𝑖𝑜. It is important to note that both values 
more or less agree which indicates that lysine was not formed (< 0.1 g L-1). This was proven 
by offline measured samples (see Figure 4-6D). The small deviations after the glucose pulse 
at 9.5 h can be attributed to the formation of glutamic acid and threonine (< 1 g L-1). The 
impact of threonine and glutamic acid formation on the ratio between qbio,oxy and qbio is 
smaller than the impact of lysine formation (approx. factor 0.5). No other relevant amounts (< 
0.1 g L-1) of other amino or organic acids could be detected. 
As a comparison to the wild-type of C. glutamicum, the results of the batch cultivation with 
the lysine producing strain C. glutamicum DM1730 are presented in Figure 4-6E-H. The 
curves of Figure 4-6E and F slightly differ from those of Figure 4-6A and B due to different 
environmental temperatures, foam production, lag phases, maximum growth rates and oxygen 
consumption of the two strains. Noteworthy here is the deviation between the curves of 
𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 and 𝑞𝑏𝑖𝑜 as shown in Figure 4-6G. The average ratio of 1.12 between 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 and 
𝑞𝑏𝑖𝑜 indicates the formation of lysine. This lysine formation was substantiated by offline 
results as presented in Figure 4-6H.  
Based on these offline results for glucose, biomass and lysine, the balances in Eq. 46 - Eq. 50 
were used for calculating the expected O2-consumption, CO2-formation, heat generation and 
the ratio between 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 and 𝑞𝑏𝑖𝑜, to enable the comparison with the online measured values 
(Table XIV and Table XV). To validate these aforementioned results, the online measured 
signals for heat generation and O2-consumption were applied to calculate yield coefficients 
for lysine and biomass (Eq. 46 - Eq. 50). Table XIV and Table XV indicate a congruence 
between online and offline values, even despite the large number of parameters.  
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Figure 4-6 Comparison between batch cultures with glucose pulse of two C. glutamicum strains: 
ATCC 13032 (A-D) and DM1730 (E-H). Curves of OTR, gas flow rate and 
overpressure shown in (A)/(E). Courses of water evaporation, mechanical power input 
by the stirrer, heat loss to the environment and the heat transfer coefficient UA during 
the fermentation (B)/(F). Comparison of the biological heat generation with the 
exhaust gas analysis recalculated by the oxycaloric equivalent (C)/(G). Offline 
measured samples of glucose, CDW and lysine presented in (D)/(H). Fermentation 
conditions: Tr = 30°C, n = 500 rpm, pH = 7, DOT > 30%, VL = 20 L 
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Table XIV Comparison between online and offline determined amounts of O2, CO2, lysine, 
biomass, the generated heat and the ratio between qbio,oxy and qbio for a batch culture of 
C. glutamicum ATCC 13032 (see Figure 4-6A-D) a,b 
Normalized on 
glucose 
Glu 
[mol] 
O2 
[mol] 
Amino 
acids 
CO2 
[mol] 
X 
[mol] 
Heat 
[kJ] 
Ratio between 
qbio,oxy and qbio 
Online 
measured data 
1 2.06 
±0.01 0.12 
1.95 
±0.01 3.04
a -1034 ±72 1.03±0.07  
Calculated by 
offline samples 
and balance 
1 2.08b Glutamic acid 2
b 3.5 ±0.1 -1025
b 1.05±0.049 
a calculated by using Eq. 46 - Eq. 50  
b calculated by using Eq. 46 and Eq. 50 
 
4.4.2.2 Fed-batch cultures of C. glutamicum DM1730 
As Figure 4-7 shows, the heat generation and O2-consumption are compared with respect to a 
fed-batch cultivation of C. glutamicum DM1730. The exponential feeding phase (Eq. 16) 
applying a constant growth rate of 0.15 h-1 was started at 16.5 h after the OTR and heat 
generation decreased, both indicating the depletion of glucose. The gas flow rate and 
overpressure were increased stepwise to maintain a DOT of  > 30% air saturation, so that the 
fed-batch cultivation could reach a maximum OTR of 0.220 mol L-1 h-1 (Figure 4-7A). 
According to Figure 4-7B all curves of heat sources and sinks and the heat transfer coefficient 
𝑈𝐴 are presented. Consequently, Eq. 41 can be applied to determined 𝑞𝑏𝑖𝑜. The volumetric 
power input 𝑞𝑠𝑡𝑟 slightly decreases over the fermentation time, due to the increase in the gas 
flow rate which also results in an increasing evaporation 𝑞𝒆𝒗𝒂. The heat loss due to the 
environment 𝑞𝑙𝑜𝑠𝑠 also slightly deceases over the fermentation time, because the temperature 
difference between the jacket and the environment became smaller (cooling power of the 
jacket increases with increasing biological heat generation). The short steps in the curve after 
each time interval of three hours are caused by the calibration heater. The power generated by 
the titration with NH3 solution 𝑞𝑁𝐻3 rises due to an increasing biomass concentration.  
By applying Eq. 41, the biological heat generation 𝑞𝑏𝑖𝑜 was determined as illustrated in 
Figure 4-7C. Here it is obvious that 𝑞𝑏𝑖𝑜 differs from 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦, which implies the formation of 
lysine. According to Figure 4-7D, the curves for glucose, biomass and lysine of the offline 
results can be seen. These results prove the formation of lysine which was indicated by the 
increased ratio between 𝑞𝑏𝑖𝑜 and 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦. Moreover, Table XV gives an overview and a 
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comparison between the online and offline measured data. The online determined ratio 
between 𝑞𝑏𝑖𝑜 and 𝑞𝑏𝑖𝑜,𝑜𝑥𝑦 (1.14) is lower than the ratio calculated from offline values (1.1). 
Therefore, the online estimated yield for lysine (0.25 molLys molGlu-1) is higher than the yield 
calculated from the offline values (0.17 molLys molGlu-1) and, consequently, the online 
estimated yield for biomass (2.24 molX molGlu-1) is lower than the offline one (2.95 molX 
molGlu-1). Even so, the formation of lysine could be clearly proven during the fed-batch 
fermentation. 
Table XV Comparison between online and offline determined amounts of O2, CO2, lysine, 
biomass, the generated heat and the ratio between qbio,oxy and qbio for a batch and fed-
batch culture of C. glutamicum DM1730 (see Figure 4-6E-H, Figure 4-7)a,b  
Normalized on 
glucose 
Glu 
[mol] 
O2 
[mol] 
Lys 
[mol] 
CO2 
[mol] 
X 
[mol] 
Heat 
[kJ] 
Ratio between 
qbio,oxy and qbio   
batch 
Online measured 
data  1 
1.93 
±0.01 0.17
a 2.49 
±0.01 2.84
a -1044 
±73 1.12±0.084  
Calculated by 
offline samples 
and balance 
1 1.92b 0.2 ±0.004 2.15 
2.59 
±0.07 -986
b 1.1±0.051  
fed-batch 
Online measured 
data 1 
1.97 
±0.01 0.25
a 2.02 ±0.01 2.24
a -1021 ±71 1.14±0.085  
Calculated by 
offline samples  1 1.81
b 0.17 ±0.003 2
b 2.95 ±0.08 -930
b 1.1±0.051  
a calculated by using Eq. 46 - Eq. 50  
b calculated by using Eq. 46 and Eq. 50 
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Figure 4-7 Fed-batch culture of C. glutamicum DM1730. (A) Curves of OTR, gas flow rate and 
overpressure. (B) Courses of water evaporation, mechanical power input by the stirrer, 
heat loss to the environment and the heat transfer coefficient UA during the fermentation. 
(C) Comparison of the biological heat generation with the exhaust gas analysis 
recalculated by the oxycaloric equivalent. Offline measured samples of glucose, CDW 
and lysine presented in (D). Fermentation conditions: initial glucose concentration  
30 g L-1, Tr = 30°C, n = 500 rpm, pH = 7, DOT > 30%, parameters of exponential feeding 
rate: VL = 20 L, X0 = 14 g L-1, YX/S = 0.42, µset = 0.15 h-1, Sf = 650 g L-1, mS = 0.03 h-1. 
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4.4.2.3  Conclusions 
In this study, the feasibility of calorespirometry for online detection of lysine formation in a 
50 L pilot-scale stirred tank reactor was demonstrated. By comparing the heat generation with 
the oxygen consumption of C. glutamicum, the online detection of lysine formation is 
possible. This method was proven for batch and fed-batch cultures. All results were validated 
by offline measured samples.  
The lysine yields of industrial stains mentioned by Leuchtenberger et al. (2005) are much 
higher than the yield of C. glutamicum DM1730. Due to these high yields, the presented 
method would be much more precisely for these strains. Furthermore, the quality of 
calorespirometry can be increased by scale up the reactor since this technique is based on 
mass and energy balances. Besides, the detection of lysine formation is one example for the 
presented method and it should be possible to detect also other products (i.e. itaconic acid, 
arginine) formed by other strains. Finally, calorespirometry can be a great improvement in the 
field of noninvasive online process monitoring for industrial sized fermenters. 
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5 Conclusion and Outlook 
 
Developing and improving online monitoring techniques for processes is always a matter of 
interest for industrial and research applications.  Independent of kind and complexity of the 
reaction, measuring the heat generation (calorimetry) is a universal tool for process 
monitoring. Therefore, two new calorimetric measurement techniques (chip calorimeter and 
reactor calorimeter) for process monitoring of stirred tank reactors were developed, validated 
and applied to several biological systems.  
As a model organism for validating the calorimetric measurements, the genetic modified 
Escherichia coli strain VH33 was chosen. The genetic sequence of the phosphotransferase 
system (PTS) in the bacterial chromosome of this strain was deleted. The galactose permease 
(GalP), as an alternative uptake mechanism, was amplified on a genetic level to allow the 
passage of glucose across the plasma membrane. Therefore, this strain had a strictly reduced 
overflow metabolism and was the optimal organism for validating the calorimetric 
measurements of fermentations by exhaust gas analysis and the oxycaloric equivalent.  
The second Chapter of this thesis focuses on the application of the chip calorimeter for 
monitoring bioprocesses in stirred tank reactors. The measurement results of this device were 
validated with results of the exhaust gas analysis during fermentations of E. coli VH33. The 
measured results of the chip calorimeter were very precise (0.001 W L-1). However, the upper 
limit of the device was a heat generation of 1 W L-1 due to oxygen depletions in the 
measurement chamber for higher biomass concentrations. Therefore, the chip calorimeter was 
enhanced by an automatic sample dilution system, which mixed the sample with oxygen 
containing NaCl solution before measuring in the chamber. With this modification, the upper 
limit of the measurable heat generation was increased up to 4 W L-1. According to the main 
criteria for choosing the best calorimeter for a given task (Section 1.2), the chip calorimeter 
has the following advantages: the needed sample volume is less than 1 mL, which allows also 
measurements in small scale reactors; the measurement chamber is located outside of the 
reactor, so no other heat sources and sinks of the reactor system influence the calorimetric 
measurement, therefore the results are very precise; the automatic dilution with oxygen 
containing NaCl solution avoids the oxygen depletion in the sample during the measurement 
and additionally reduce the negative effects of high viscosities and large particle sizes. 
Nevertheless, the chip calorimeter is more predestinated for precise measurement of thin 
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solutions with low viscosities and small particles (i.e. bacteria) (Figure 1-2). Therefore, 
possible applications are investigations of extremophile organisms (thin solutions) or 
immobilized biofilms (Maskow et al. 2011).  
Two ways for designing a reactor calorimeter are presented in the third Chapter of this thesis. 
For this reason a 50 L stirred tank reactor was modified to realize two noninvasive methods 
for calorimetric monitoring of bioprocesses: 1) measuring the mass flow of the cooling liquid 
and the temperature difference between inlet and outlet of the cooling jacket; 2) determination 
of the heat transfer coefficient and the temperature difference between reactor inside and 
cooling jacket. Both methods were validated and compared with each other by cultivating  
E. coli VH33. Ultimately, it could be shown that the second way, based on the determination 
of the heat transfer coefficient has a higher signal quality and should be chosen for all 
following applications. According to the main criteria for choosing the best calorimeter for a 
given task (Section 1.2), the reactor calorimeter has the following advantages: it is a 
noninvasive technique, which destined it especially for processes with high safety standards; a 
large measurement range (Figure 1-2); independent of physical properties of the fermentation 
broth (only restriction: turbulent flow in the reactor has to be ensured); mechanically robust 
technique. However, the reactor calorimeter is, due to the different heat sources and sinks 
which influence the result of the measurement, not a very precise technique in comparison to 
the chip calorimeter. The potential for improving the signal quality is high and it is 
recommended to realize the following modifications: replacing the discontinuous valves in the 
cooling cycle with continuous valves (Figure 3-1) for a “smoother” fresh water and steam 
supply; optimizing the calibration heater concerning power input and signal form (i.e. power 
input as a continuous sinus wave); replacing the mass flow controller to increase the signal 
quality of the heat capacity method (Figure 3-11).  
The final Chapter 4 focuses on the investigation of the reactor calorimeter for online detection 
of product formation during fermentations. It could be demonstrated by determining the ratio 
between heat generation and oxygen consumption, that lysine formation of Corynebacterium 
glutamicum DM1730 can be online detected during fermentations in stirred tank reactors. As 
a first try and error experiment the method was also tested with the itaconic acid forming 
fungi strain Ustilago maydis. Because of the massive formation of byproducts (i.e. lipid 
bodies) the heat generation caused by the itaconic acid formation was overlaid. Nevertheless 
the itaconic acid formation is a potential system for online detection of product formation via 
calorimetry and exhaust gas analysis, presuming a microbial strain or process with any other 
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formation of byproducts. Ultimately, lysine and itaconic acid formation are only two 
examples for this method. Therefore other (industrial relevant) product formations should be 
investigated, not only focusing on aerobic but also anaerobic processes.         
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